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Abstract
This thesis aims to characterize non-Newtonian suspensions for anti-ballistics applications. This
involves characterizing the rheological behavior of each suspension. It also includes
characterizing the interactions of the suspensions with several types of fabrics with known antiballistics properties. The study also tests the armor composites under ballistics stresses by firing
on them with standardized military weaponry. This data is then compiled to determine which, if
any, of the fabrics and suspensions are ultimately suitable for anti-ballistics uses.
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Introduction
3,481 United States military personnel were killed in action during Operation IRAQI
FREEDOM1. Threats in a hostile environment not only to U.S. military personnel but to law
enforcement, border patrol, and even emergency services personnel include projectiles from
handguns, rifles, and shotguns, stabbing threats from knives or other makeshift weapons, and
shrapnel and other debris from explosives. Not only do they face those immediate threats, but
also less severe injuries such as fractures, tendonitis, and sprains and strains2. It would not be out
of the realm of possibility that these sorts of musculoskeletal injuries could be caused by the
amount of gear a soldier carries, and considering the average Marine infantryman carries 169 lbs3,
there must be a way to reduce the amount of weight a soldier carries.

In early 2017, myself and United States Air Force Academy professor Dr. Ryan Burke stumbled
upon a combination of silica-based non-Newtonian fluids and anti-ballistics fabric which
performed better than current military soft armor using 50% fewer layers4. This prior research
focused on creating a lighter, flexible, more economical alternative to current armor in use for
both civilians and the military. However, there was a significant lack of scientific methodology
and little to no information on the ‘why’ behind the successes of previously researched
composites. Therefore, the goal of this research is to work backwards and fill in the blanks, to
characterize the shear thickening fluids (STFs) and their interactions with the fabrics in both
laboratory and ballistics testing, and then to draw correlations and conclusions from this data.
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Figure 0.1 Hayley Weir, primary researcher, at her graduation from the US Air Force Academy

This thesis is structured as follows:
•

Chapter 2 is a literature review of armor composites utilizing shear thickening fluids as
well as studies which characterize various non-Newtonian fluids and armor composites
which use multiple types of fabrics. Gaps in the current literature are also addressed.

•

Chapter 3 addresses the methods and results of the characterization of the suspensions.

•

Chapter 4 introduces the characterization methods and the results of the characterization
of the interactions between the suspensions and the fabrics.

•

Chapter 5 describes the methods and results of ballistic testing phase.

•

Chapter 6 concludes the thesis by summarizing the key findings of the thesis.
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2. Literature Review
The focus of this thesis is to characterize and improve upon previously conducted studies which
combined several fabrics with known anti-ballistics properties and non-Newtonian fluids.
Therefore, we present brief review of previously published results which informed our research.
When reviewing the available literature, the studies can be broken down into several subsections
which, when combined, provides a robust framework of background knowledge relevant to this
study. These sections are as follows: Parameters of Non-Newtonian Suspensions, Suspension
Behaviors, Suspension-Fabric Interactions, and the Performance Characteristics of SuspensionFabric Composites.

2.1 Parameters of Non-Newtonian Suspensions
Our fabrication process utilizes non-Newtonian fluids and to understand how the properties of the
non-Newtonian suspensions affect the armor composite, a review of suspension behavior is
presented. Even before this, several related relationships must first be reviewed.
One term commonly used throughout this branch of research is the packing fraction, φ, which
relates the volume of the solid constituents vs. the volume of all the constituents1:
𝜑=

𝑣𝑠
∑ 𝑣𝑐

where 𝑣𝑠 is the volume of the solids and 𝑣𝑐 is the volume of all the constituents. Most of the
referenced papers refer the volume fraction of particles to the suspending medium, rather than a
weight percent2.
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2.2 Behaviors of Suspensions
The armor composites investigated in this thesis capitalize on the non-Newtonian behavior of
colloidal suspensions of nanoparticles, such as shear thickening and shear thinning. Figure 2.1
demonstrates the behavior in a schematic relating the parameters of suspension viscosity and
shear rate3:

Figure 2. 1: Relationship between viscosity and shear rate of a non-Newtonian suspension3

This figure shows the behavior of suspensions at equilibrium (no shear), low shear rates, and high
shear rates. The colloidal suspensions undergo a thinning behavior up until the point noted as 𝛾𝑐̇ ,
the critical shear rate. At this point, the fluid transitions from a thinning to thickening behavior
and continues to exhibit a sharp increase in viscosity due to the increased force necessary to move
the suspension when hydroclusters, or aggregations of particles, form due to hydrodynamic
interactions. When the shear stress is removed, the hydroclusters disassemble, meaning that this
non-Newtonian behavior is reversible4.
Several factors within the colloidal suspensions affect the overall rheological behavior.
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2.2.1 Particle Type
Particle type plays a large role in the suspension’s ability to exhibit a shear thickening effect.
Particles can fall into two categories: hard (ceramic) and soft (polymeric). A study by Kalman et
als. discovered that, the particles made of soft materials are deformed under shear, resulting in
irreversible shear thickening5.
The vast majority of the other studies focused on ceramic particles for their suspensions, but it is
important to note the irreversible deformability of polymeric particles, since one of the goals for
the current research is to determine whether or not reusable armor is feasible.
The polymeric particles also exhibited lower levels of impact resistance compared to the ceramic
particles. So, it would be in our best interest to focus on ceramic particles for this study.

2.2.2 Particle Size
Many preceding studies investigated the effect of particle size on the onset and magnitude of the
critical shear rate, 𝛾𝑐̇ ,. Overwhelmingly, studies concluded that with decreasing particle size there
is a steep increase in viscosity when 𝛾̇ , > 𝛾𝑐̇ 6-12. Not only is there an increase in viscosity, but the
onset of viscosity increase is experienced at a greater critical shear rate 𝛾𝑐̇ , as Figure 2.
demonstrates.

6

Figure 2. 2: Viscosity of silica particle suspensions in poly(propylene glycol) for different sizes at
67.5% weight particles10

Also, two separate studies concluded that by using a bidisperse over a monodisperse suspension,
the onset of the thickening behavior can be controlled, and by knowing the parameters of the
target system, one can engineer particular suspensions to have desirable behavior13-14. Figure 2.3
shows the behavior of the bidisperse systems.

Figure 2. 3: Comparison of monodisperse and bidisperse systems. The first number of the described
suspension is volume percent of 160nm particles to 330nm particles. One number only indicates a
monodisperse system. All suspended in poly(ethylene glycol) 14
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From these studies it is suggested that monodisperse systems with smaller particles would
provide the best anti-ballistics behavior, since we foresee that greater rate of viscosity increase
will result in better performance under a ballistics load.

2.2.3 Volume Fraction of Solids
Another parameter that can be varied when making the suspensions is the volume fraction of the
solids. Whether or not the solids are monodisperse, multidisperse, contain different kinds of
ceramics, it does not matter. Every study which knowingly changed the overall volume fraction
of the solids in the suspension consistently found that with increasing volume fraction, there is an
increase in the intensity of the thickening behavior15-19. Figure 2.4 demonstrates how the critical
shear rate 𝛾𝑐̇ and rate of thickening varies with the volume fraction.

Figure 2. 4: Viscosity vs. shear rate for spherical silica particles in poly(ethylene glycol) varying φ16.

In terms of this study, we expect to observe an increased anti-ballistics behavior at larger weight
percent of the solids, since this corresponds to a higher packing fraction.
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2.2.4 Particle Interactions with the Suspending Medium
First and foremost, hydrodynamic interactions between particles is the origin of shear thickening
behavior20-21. There is some debate on whether or not other interactions, such as electrostatic or
steric interactions, play an additional role22. One study by Maranzano and Wagner suggests that the
suppression of electrophoretic interactions increases shear thickening behavior, and that
minimizing these interactions changes the overall thickening of the suspension23.
Another important factor is the surface chemistry of the particles and their interaction with the
suspending medium, which in turn may affect the hydrodynamic forces between the particles. Two
different studies found that hydrophobic (compared to water) silica particles did not aggregate and
thus exhibited shear thinning behavior, whereas hydrophilic (compared to water) polar silica
exhibited classic thickening behavior in poly(propylene glycol) and in non-polymeric aqueous
ionic solutions24-25. Building the case for this behavior is a third study which suggests that treating
the particles with a polar solvent to increase hydrophilicity (polarity) of the particles (when
compared to water) further increases thickening behavior26. Figure 2.5 demonstrates this behavior.
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Figure 2. 5: Change in viscosity with increasing shear rate for treated silica suspensions in
poly(ethylene glycol) where a) 75wt% untreated silica, b) 80wt% ball milled silica without ethylene
glycol, c) 80wt% ball milled silica treated with ethylene glycol, and d) chemically treated silica with
ethylene glycol26

It is important to note that the manufacturers and researchers state the hydrophobicity and
hydrophilicity when compared to water. These suspensions are made in poly(ethylene glycol) and
other similar polymeric solutions, and this suspension medium will interact differently than water.
To conclude, our research may benefit from experimenting with both hydrophobic and
hydrophilic silica and comparing the differences; however, we expect better behavior from the
hydrophilic silica suspensions.

2.2.5 Additives to the Suspensions
Several other types of additives can be added in small percentages to the suspension, resulting in
a variety of behavior changes, with both positive and negative impacts. For instance, the addition
of aluminum oxide whiskers to the ceramic particle suspension resulted in shear thinning
behavior due to the whiskers transitioning from an anisotropic state at low shear to a uniform,
isotropic state under high shear, resulting in the formation of slipping planes and thus shear
thinning15. The other additives explored by various studies resulted in an increase in the shear
thickening behavior.
A study by Orawiec, Kaczorowski, and Rokicki found that augmenting silica-based shear
thickening fluids in poly(propylene glycol) with diacetates increases the rate of the shear
thickening response27, which is an inexpensive alternative to save particles while maximizing
shear thickening behavior.
Two different studies concluded that an addition of graphene to silica suspensions also had a
favorable effect on the thickening behavior of the suspension, but only up to a certain weight
percentage28-29. After that point, the behavior begins regressing back towards that of the
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unaugmented suspension. Figure 2.6 demonstrates the behavioral changes and the limitations of
the graphene additions.

Figure 2. 6: The effect of shear rate on viscosity of the graphene-augmented silica-based suspensions
compared to the unaugmented suspensions in poly(ethylene glycol) 28

Another additive studied was silicon carbide. According to Gürgen, and Kuşhan, SiC addition
increased the overall thickening behavior of the suspensions in both overall viscosity and rate of
the shear thickening30. For this study, it may be worthwhile to investigate the ballistics
capabilities of SiC addition under ballistics loads. Figure 2.7 details this phenomenon.

11

Figure 2. 7: Change in viscosity with shear rate for unaugmented suspensions and SiC augmented
suspensions in poly(ethylene glycol). The ratio is silica to SiC, and a single number after STF
indicates weight percent silica30

Lastly, the addition of large-scale (micron), irregularly shaped particles to the suspension induces
the thickening behavior at lower shear rates31. This gives developers and researchers a potential
means to control the onset of thickening behavior simply by varying the concentration of large,
irregular particles in the suspension.

2.2.6 Type and Molecular Weight of the Suspending Medium
Up to this point, the focus has been on the particles themselves, their interactions, and solid
additives which can be added to a suspension. However, the type and the molecular weight of
polymeric mediums also changes the rheological behavior of suspensions.
First, a question needs to be asked: does shear thickening behavior necessitate a long chain
polymer medium? A study by Güler found that particles suspended in water showed no shear
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thickening fluid behavior32. We assume that a polymeric suspending medium is necessary for this
study.
The type of polymer used changed the rate of the shear thickening. A more branched polymer like
poly(propylene glycol) exhibited better shear thickening responses when compared to
poly(ethylene glycol)33-34. Figure 2.8 graphically represents this relationship. Clearly, there is a
greater overall increase of viscosity, and the overall viscosity of the poly(propylene glycol)
suspensions were the highest when compared to the poly(ethylene glycol) suspensions.

Figure 2. 8: Viscosity changes with shear rate for silica-based poly(propylene glycol) and
poly(ethylene glycol) suspensions34
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2.2.7 Other Considerations
It is also worthy to note the apparent relationship between the rate of thinning and the rate of
thickening, which can be defined as:

𝛤 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 =

∆𝜂 𝑑𝜂
=
∆𝛾̇ 𝑑𝛾̇

where ∆𝜂 is the change in viscosity and ∆𝛾̇ is the change in shear rate.
Laun, Bung, and Schmidt suggest an overall relationship where, as the rate of the thinning phase
of the non-Newtonian suspension increases, the resulting rate of thickening also increases35. This
is an important relationship just in case the whole rheological picture is not seen in the analysis of
our suspensions. We can use the rate of thinning to predict the future rate of thickening at high
shear rates.

2.2.8 Conclusions
To summarize this first section:
•

To optimize the suspensions for anti-ballistics capabilities, the particles themselves
appear to be the best combination when they are a small sized, hydrophilic (compared to
water), ceramic particles.

•

These particles are predicted to exhibit the greatest change in thickening rate when they
are at high volume fractions.

•

Additives, like graphene or silicon carbide, may further enhance this thickening behavior.

•

A polymeric suspending medium produces enhanced thickening behavior.
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2.3 Suspension-Fabric Interactions
The previous section focused only on the behavior of the suspensions themselves. However,
when using fabric in conjunction with the suspensions, the interaction of the suspension with the
fabric also plays a key role in the overall anti-ballistics performance of the armor composite.
According to Khodadadi et al., shear thickening fluids cannot be used alone to dissipate energy
from ballistics impacts36. Therefore, it is fair to assume that there might need to be some sort of
fabric used in conjunction with the suspension to provide any sort of anti-ballistics protection. As
described in the previous section by several studies, the degree of thickening behavior plays a
significant role in the overall anti-ballistics performance of STF composites37-39. The interaction
between the suspension and the fabric must also play an important role. This aspect is reviewed in
the next subsection.

2.3.1 Effect of Suspensions on Inter-Fiber Friction
An overwhelming number of studies suggest that the interaction of the particles and the fibers
within a woven fabric increases the friction between the individual fibers, thus increasing the
overall robustness of the armor composite40-48. Figure 2.9 shows the yarn pull-out method to
measure inter-fiber friction. This method measures how much force is necessary to pull one
individual yarn out from a woven piece of fabric.
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Figure 2. 9: Yarn pull-out results for different types of poly(ethylene glycol)-based STFs and their
comparisons to neat and dry-applied particles46

Not only does Figure 2.9 display a greater necessary force for yarn pull-out for both STFs, but it
also shows an increase in the necessary force for the silica suspension vs. the PMMA suspension,
shown in the previous section. This figure also shows a comparison with a dry application of
particles. While the dry particle addition does appear to increase inter-fiber friction, the polymerbased STFs perform as well or greater than the dry applied particles46.
It is clear that STFs increase the inter-fiber friction of fabric samples. We assume that this
increase in friction will positively impact the overall anti-ballistics behavior of armor composites
under high-shear loads.
It is necessary to point out that tensile strength is not studied in depth in the referenced papers. A
study by Majumdar, Butola, and Srivastava suggests that, while these composites exhibit an
increase in shear resistance, there is little change when it comes to straight tensile testing49. Other
studies focused more on drop tower results and yarn pull-out effects over tensile testing50-55.
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2.3.2 Effect of Suspensions on Amount of Fabric Used
Two different studies expressly state that, presumably due to the thickening effect and the greater
inter-fiber friction, there was no need to use the same number of layers for the STF-impregnated
samples as there was for the neat samples50-51. While this parameter may seem insignificant, there
was a 20% reduction in the number of Kevlar layers used in the study conducted by Egres et al
and still retain similar or achieve better performance results, as seen in Figure 2.10.

Figure 2. 10: Knife penetration results of the poly(ethylene glycol)-based STF-impregnated Kevlar
samples vs. neat Kevlar50

2.3.3 Effect of Suspensions on Various Fabrics
The majority of the studies have focused on aramid fibers such as Kevlar and Twaron; however,
there is an across-the-board ballistic performance improvement for many other fabric types when
they are impregnated with STFs42,44,50,52-53. Through various testing methods, e.g. drop tower
testing or yarn pull-out force, the STF-impregnated samples tended to increase performance
irrespective of fabric type. Figures 2.11 and 2.12 demonstrate the benefits of employing the
suspensions for both Nylon fibers and glass fibers.
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Figure 2. 11: Spike penetration vs. impact energy for drop tower testing on various Nylon samples.
Silica particle-based STF samples were impregnated with a poly(ethylene glycol)-based suspension50

Figure 2. 12: Force vs. Displacement of drop tower testing on poly(ethylene glycol)-based STFimpregnated and unimpregnated glass fabric52

A previous study by Szczepanski theorizes that the better the particle interaction and/or adhesion
to the fabric, the better the overall anti-ballistics or stab resistance of the composite is53. This is
due to the interactions, when disrupted, dissipate energy through the system, resulting in better
ballistic performance. This is confirmed in a separate study which studied using multi-phase
suspensions consisting of various particle sizes. While employing these multi-phase suspensions
reduced the shear thickening behavior in the lab, it was observed that they increased anti-
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ballistics performance by enhancing the particle-particle and particle-fabric interactions38. This
hypothesis is further confirmed in a study which used aramid fibers and a poly(vinyl alcohol)based composite which, when layered together, increased strength and toughness54. Though this
study did not utilize the traditional particle-liquid shear thickening fluid, the interaction between
fibers and composite increased the strength and toughness. Therefore, it would be reasonable to
assume that increasing the particle-fabric interactions for suspensions would lead to the same
increase in performance.
One of the remaining questions is how using various types of fabric increases the penetration of
the suspensions into the fabric and yarns themselves. This is addressed in Talreja et al’s 2017
study. By using hydrophobic particles on Kevlar, they determined that hydrophobic suspensions
had better inter-yarn penetration, which may contribute to an increase in anti-ballistics
performance despite hydrophobic suspensions having undesirable rheological behavior55.

2.3.4 Conclusions
To summarize this section:
•

The use of shear thickening suspensions contributes significantly to the anti-ballistics
performance of armor composites through the interactions between particles and fabric.

•

This behavior was increased mainly due to increasing inter-fiber friction when a shear
stress is applied, which is beneficial when fewer layers of fabric are being used.

•

This effect is not unique to Kevlar and has been shown to improve the behavior in several
other types of fabrics.

•

There may also be an increase in anti-ballistics behavior if the inter-yarn penetration by
the suspension is increased.
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2.4 Performance Characteristics of Suspension-Fabric Composites
Why do we even use shear thickening fluids when other materials such as magnetorheological
(MR) fluids exist which have even better performance characteristics? The main benefit to using
suspensions is their immediate, passive response. Unlike MR fluids, which need an induced a
magnetic field for their behavior to occur, shear thickening suspensions thicken with no outside
influence when put under a ballistics impact56. This is extremely important for an end-user who
may not have time to activate their armor composite to combat ballistics impacts.

2.4.1 Effects of Build Sequence
It became apparent through the review of the literature that the way the composites were put
together influenced their anti-ballistics performance. Samples containing both impregnated and
unimpregnated fabric dissipated the most energy when the impregnated fabric was placed before
the unimpregnated fabric57. A separate study by Lee, Wagner and Wetzel also came to the
conclusion that layering sequence is important; however, they did not use a combination of dry
and wet fabric58. Through their testing they found that the number of layers used contributed
significantly to energy dissipation. It was also found, as in previous studies, that the impregnated
fibers dissipated the most energy.
Another key finding from a studies reporting the use of different types of fabric showed that
composites having more than one type of fabric outperformed those which only used one type of
fabric59-60. These findings are important to note for this study, which uses several types of
impregnated and unimpregnated fabrics.
Next, three independent studies found that using pressure when applying the suspension to the
fabric increased inter-yarn penetration by the suspension and also increased the overall fabric
uptake of the suspension61-63. In these studies, the suspension was first applied, then the fabric-
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suspension combination was fed through sets of pressure rollers. Different samples were treated
with different pressures ranging from 0.5-3 bar. Each of the studies concluded that there was
more suspension uptake with higher pressures. Figure 2.13 shows a graphical representation of
the relationship between add on percentage, concentration, and pressure. The color gradient
shows the add on weight percentage by the suspension, with blue being lower and greens and reds
(not shown) being higher. We see an increase in weight add on as the packing fraction increases,
and we see an increase with increased padding pressure.

Figure 2. 13: relationship between roller pressure, suspension concentration, and add on percent63

Moreover, they found that doing a second application and pass through the pressure rollers
increased the uptake percentage even more. Considering the prediction that suspension uptake
directly influences anti-ballistics performance, we consider that maximizing the suspension
uptake as a key factor in designing armor samples for this study.

21

2.4.2 Flexibility Performance
One of the main hinderances in current armor is the inflexibility of panels. This results in an
inability to protect extremities on a body and an inability to protect movable and/or oddly shaped
valuables in terms of materials and resources. Therefore, it is necessary to test the flexibility of
the armor composites to provide a comparison point. In this regard there seems to be some minor
disagreement in the literature. Three separate papers said that there was negligible change in the
flexibility of the armor samples in regards to using the same number of layers as the
unimpregnated samples58,64-65. It is important to note how the authors measured the flexibility.
They compared the same number of layers of neat fabric to the impregnated fabric at the same
number of layers, not the same areal density. It is unclear how adjusting the areal density of the
samples to account for the suspension addition will change the flexibility. One study using
UHMWPE vs. Kevlar found a minor improvement in flexibility in the impregnated samples when
compared to the same number of unimpregnated samples66. It is unclear what effect the
impregnation of the fabrics have on the flexibility of the samples. This may need to be
investigated in this study.

2.4.3 Stab Resistance/Drop Tower Performance
If there was uncertainty regarding the effect of impregnation on flexibility, there is none
regarding the performance of the impregnated samples against spike and stab threats. Using STFimpregnated samples in both drop tower spike and stab tests improves the performance against
both types of threats37,64,67-70. Figure 2.14 shows a brief sample of the benefits to performance that
an STF gives fabric under a stabbing load.
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Figure 2. 14: changes in penetration depth vs. impact energy for poly(ethylene glycol)-based STF and
neat Kevlar fabrics67

It is also important to note that the results were not unique to just Kevlar composites. STFimpregnated Twaron exhibited the same improved behavior as Kevlar fabrics69.
Another interesting piece of data described by Gürgen and Kuşhan suggests that multi-phase
suspensions increased the stab resistance of a fabric sample when compared to the neat
(unimpregnated and dry) sample. This is in conjunction with previous studies which reported the
same70.
Though spike and knife impacts are not considered to be ballistic impacts, these types of realworld threats may be experienced by an end user utilizing an armor composite. Therefore, it
becomes imperative to protect a wearer from not only ballistic impacts, but also from low
velocity impacts with a sharp leading edge.
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2.4.4 Ballistic Impact Performance
As with the drop tower and stab resistance testing, there is an increase in anti-ballistics behaviors
when a shear thickening suspensions is used vs. neat fabric28,42,66,68,72-75. This is predicted to be
due to a type of viscoelastic behavior of the suspension seen only at high shear rates76-77. Figure
2.15 demonstrates the benefits of the suspensions when used for anti-ballistics applications.

Figure 2. 15: Change in energy absorption with impact velocity for neat and poly(ethylene glycol)based STF-impregnated Kevlar samples73.

An important behavior described by Kim et al. is that, in their experiment, samples impacted at
lower velocity failed, while samples impacted at higher velocity succeeded in stopping a
projectile72. This is an important note to keep on hand in case this study’s lower velocity impacts
do fail. It might be worth the time to test a faster projectile to see how the behavior changes.
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It is imperative to note also that all reported tests were purposefully conducted at perpendicular
angles to the strike face. While it is unclear as to how an STF-impregnated sample might affect
the anti-ballistics behavior of an armor composite at oblique angles, one reason which researchers
may be hesitant to test at these angles is due to a study conducted by Philip Cunniff which
factually stated that, under oblique impacts, body armor had a reduced ability to resist ballistic
impacts78. It may be simply due to the simplicity of a perpendicular strike face that studies have
not yet investigated the effects of STF-impregnated armor samples at oblique impacts. This is
worth noting in terms of real-world applications, since the nature of the human body and many of
our resources and tools which require armor present faces that, when impacted, will result in an
oblique impact angle.

2.4.5 Challenges and Considerations
It is paramount to keep expectations in check when researching armor alternatives. A study by
Gates plainly states that, while STF-impregnated composites are more than sufficient for slower,
blunted rounds, they show little promise against pointed, high-caliber rounds79. A similar
conclusion was made by Nascimento et al., who noted that in order to stop the high-caliber
rounds, there must be some sort of rigid, inflexible layer to deform and/or fracture the round
before it reaches the soft component80. After all, the National Institute of Justice Standards state
that for an armor to be certified by their office, under a ballistic impact, soft armor must allow a
penetration depth of no more than 44 mm. A deeper impact may gravely threaten the life of the
wearer of the armor81.

2.4.6 Conclusions
To summarize this section:

25

•

Across the board and independent of fabric type, the fabrics treated with a shear
thickening suspension demonstrate an increase in stab, spike, and ballistics resistance
when compared to neat fabrics.

•

It is unclear how the impregnation of the fabrics effects the flexibility of the composite.

•

In terms of build sequence, there is an increased performance when the STF-impregnated
fabrics are in front of neat fabric.

•

Pressure upon the application of the suspension results in higher suspension uptake by the
fabrics.

References
1. IUPAC, Compendium of Chemical Terminology, 2nd ed. (the "Gold Book") (1997). Online
corrected version: (2006-) "volume fraction.”
2. Wagner, N. J., & Brady, J. F. (2009). Shear thickening in colloidal dispersions. Physics
Today, 62(10), 27-32.
3. Pinto, F., & Meo, M. (2016). Design and Manufacturing of a Novel Shear Thickening Fluid
Composite (STFC) with Enhanced out-of-Plane Properties and Damage Suppression. Applied
Composite Materials, 24(3), 643-660.
4. Raghavan, S. R., & Khan, S. A. (1997). Shear-Thickening Response of Fumed Silica
Suspensions under Steady and Oscillatory Shear. Journal of Colloid and Interface
Science, 185(1), 57-67.
5. P Kalman, D & B Schein, J & M Houghton, J & H N Laufer, C & D Wetzel, E & Wagner,
Norman. (2007). Polymer dispersion based shear thickening fluid-fabrics for protective
applications. Proceedings of SAMPE 2007. Baltimore, MD. 3-7 June 2007..
6. Barnes, H. A. (1989). Shear‐Thickening (“Dilatancy”) in Suspensions of Nonaggregating
Solid Particles Dispersed in Newtonian Liquids. Journal of Rheology, 33(2), 329-366.
7. Ebagninin, K. W., Benchabane, A., & Bekkour, K. (2009). Rheological characterization of
poly(ethylene oxide) solutions of different molecular weights. Journal of Colloid and
Interface Science, 336(1), 360-367.
8. Yu, M., Qiao, X., Dong, X., & Sun, K. (2018). Shear thickening effect of the suspensions of
silica nanoparticles in PEG with different particle size, concentration, and shear. Colloid and
Polymer Science, 296(7), 1119-1126.
9. Li, S., Wang, J., Zhao, S., Cai, W., Wang, Z., & Wang, S. (2017). Giant Rheological Effect of
Shear Thickening Suspension Comprising Silica Nanoparticles with No Aggregation. Journal
of Materials Science & Technology, 33(3), 261-265.
10. Asija, N., Chouhan, H., Gebremeskel, S. A., & Bhatnagar, N. (2017). Influence of particle
size on the low and high strain rate behavior of dense colloidal dispersions of
nanosilica. Journal of Nanoparticle Research, 19(1).

26

11. Hasanzadeh, M., & Mottaghitalab, V. (2014). The Role of Shear-Thickening Fluids (STFs) in
Ballistic and Stab-Resistance Improvement of Flexible Armor. Journal of Materials
Engineering and Performance, 23(4), 1182-1196.
12. Maranzano, B. J., & Wagner, N. J. (2001). The effects of particle size on reversible shear
thickening of concentrated colloidal dispersions. The Journal of Chemical Physics, 114(23),
10514-10527.
13. Madraki, Y., Ovarlez, G., & Hormozi, S. (2018). Transition from Continuous to
Discontinuous Shear Thickening: An Excluded-Volume Effect. Physical Review Letters, 121,
1-5.
14. Bender, J., & Wagner, N. J. (1996). Reversible shear thickening in monodisperse and
bidisperse colloidal dispersions. Journal of Rheology, 40(5), 899-916.
15. Bergström, L. (1998). Shear thinning and shear thickening of concentrated ceramic
suspensions. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 133(1-2),
151-155.
16. Gürgen, S., Li, W., & Kuşhan, M. C. (2016). The rheology of shear thickening fluids with
various ceramic particle additives. Materials and Design, 312-319.
17. Catherall, A. A., Melrose, J. R., & Ball, R. C. (2000). Shear thickening and order–disorder
effects in concentrated colloids at high shear rates. Journal of Rheology, 44(1), 1-25.
18. Farr, R. S., Melrose, J. R., & Ball, R. C. (1997). Kinetic theory of jamming in hard-sphere
startup flows. Physical Review E, 55(6), 7203-7211. doi:10.1103/physreve.55.7203
19. Hoffman, R. L. (1972). Discontinuous and Dilatant Viscosity Behavior in Concentrated
Suspensions. I. Observation of a Flow Instability. Transactions of the Society of
Rheology, 16(1), 155-173.
20. Hoffman, R. L. (1998). Explanations for the cause of shear thickening in concentrated
colloidal suspensions. Journal of Rheology, 42(1), 111-123.
21. Chevalier, J., Tillement, O., & Ayela, F. (2009). Structure and rheology ofSiO2nanoparticle
suspensions under very high shear rates. Physical Review E, 80(5).
22. Kaldasch, J., & Senge, B. (2009). Shear thickening in polymer stabilized colloidal
suspensions. Colloid and Polymer Science, 287(12), 1481-1485.
23. Maranzano, B. J., & Wagner, N. J. (2001). The effects of interparticle interactions and
particle size on reversible shear thickening: Hard-sphere colloidal dispersions. Journal of
Rheology, 45(5), 1205-1222.
24. Rubio-Hernández, F. J., Gómez-Merino, A. I., Páez-Flor, N. M., & Velázquez-Navarro, J. F.
(2016). On the steady shear behavior of hydrophobic fumed silica suspensions in PPG and
PEG of low molecular weight. Soft Materials, 15(1), 55-63.
25. Qin, J., Zhang, G., Ma, Z., Li, J., Zhou, L., & Shi, X. (2016). Effects of ionic structures on
shear thickening fluids composed of ionic liquids and silica nanoparticles. RSC
Advances, 6(85), 81913-81923.
26. Yu, K., Cao, H., Qian, K., Sha, X., & Chen, Y. (2012). Shear-thickening behavior of
modified silica nanoparticles in polyethylene glycol. Journal of Nanoparticle
Research, 14(3).
27. Orawiec, M., Kaczorowski, M., & Rokicki, G. (2018). Dilatant effect enhancers for silica
dispersions in poly(propylene glycols). Journal of Colloid and Interface Science, 528, 301308.

27

28. Tan, Z., Li, W., & Huang, W. (2018). The effect of graphene on the yarn pull-out force and
ballistic performance of Kevlar fabrics impregnated with shear thickening fluids. Smart
Materials and Structures, 27(7), 075048.
29. Sha, X., Yu, K., Cao, H., & Qian, K. (2013). Shear thickening behavior of nanoparticle
suspensions with carbon nanofillers. Journal of Nanoparticle Research, 15(7).
30. Gürgen, S., & Kuşhan, M. C. (2016). The effect of silicon carbide additives on the stab
resistance of shear thickening fluid treated fabrics. Mechanics of Advanced Materials and
Structures, 24(16), 1381-1390.
31. Madraki, Y., Hormozi, S., Ovarlez, G., Guazzelli, É, & Pouliquen, O. (2017). Enhancing
shear thickening. Physical Review Fluids, 2(3).
32. Güler, E. S. (2018). Rheological behaviours of silica/water, silica/PEG systems and
mechanical properties of shear thickening fluid impregnated Kevlar composites. Bulletin of
Materials Science,41(4).
33. Singh, M., Verma, S. K., Biswas, I., & Mehta, R. (2018). Effect of molecular weight of
polyethylene glycol on the rheological properties of fumed silica-polyethylene glycol shear
thickening fluid. Materials Research Express, 5(5), 055704.
34. Moriana, A. D., Tian, T., Sencadas, V., & Li, W. (2016). Comparison of rheological
behaviors with fumed silica-based shear thickening fluids. Korea-Australia Rheology
Journal, 28(3), 197-205.
35. Laun, H. M., Bung, R., & Schmidt, F. (1991). Rheology of extremely shear thickening
polymer dispersionsa) (passively viscosity switching fluids). Journal of Rheology, 35(6), 9991034.
36. Khodadadi, A., Liaghat, G., Sabet, A., Hadavinia, H., Aboutorabi, A., Razmkhah, O., . . .
Tahmasebi, M. (2017). Experimental and numerical analysis of penetration into Kevlar fabric
impregnated with shear thickening fluid. Journal of Thermoplastic Composite
Materials, 31(3), 392-407.
37. D. Wetzel, Eric & Lee, Yuan-Shin & Egres, Ron & Kirkwood, Keith & E. Kirkwood, J &
Wagner, Norman. (2004). The Effect of Rheological Parameters on the Ballistic Properties of
Shear Thickening Fluid (STF)-Kevlar Composites. AIP Conf Proc. 712. 10.1063/1.1766538.
38. Gürgen, S., & Kuşhan, M. C. (2017). The ballistic performance of aramid based fabrics
impregnated with multi-phase shear thickening fluids. Polymer Testing, 64, 296-306.
39. Chen, K., Wang, Y., Xuan, S., & Gong, X. (2017). A hybrid molecular dynamics study on the
non-Newtonian rheological behaviors of shear thickening fluid. Journal of Colloid and
Interface Science, 497, 378-384.
40. Lomakin, E. V., Mossakovsky, P. A., Bragov, A. M., Lomunov, A. K., Konstantinov, A. Y.,
Kolotnikov, M. E., . . . Vakshtein, M. S. (2011). Investigation of impact resistance of
multilayered woven composite barrier impregnated with the shear thickening fluid. Archive of
Applied Mechanics, 81(12), 2007-2020.
41. Cunniff, P. M. (1992). An Analysis of the System Effects in Woven Fabrics under Ballistic
Impact. Textile Research Journal, 62(9), 495-509.
42. Hasanzadeh, M., Mottaghitalab, V., Rezaei, M., & Babaei, H. (2017). Numerical and
experimental investigations into the response of STF-treated fabric composites undergoing
ballistic impact. Thin-Walled Structures, 119, 700-706.

28

43. Cao, S., Chen, Q., Wang, Y., Xuan, S., Jiang, W., & Gong, X. (2017). High strain-rate
dynamic mechanical properties of Kevlar fabrics impregnated with shear thickening
fluid. Composites Part A: Applied Science and Manufacturing, 100, 161-169.
44. Balali, E., Kordani, N., & Vanini, A. S. (2016). Response of glass fiber-reinforced hybrid
shear thickening fluid (STF) under low-velocity impact. The Journal of The Textile
Institute, 108(3), 376-384.
45. Srivastava, A., Majumdar, A., & Butola, B. S. (2012). Improving the Impact Resistance of
Textile Structures by using Shear Thickening Fluids: A Review. Critical Reviews in Solid
State and Materials Sciences, 37(2), 115-129.
46. Kalman, D. P., Merrill, R. L., Wagner, N. J., & Wetzel, E. D. (2009). Effect of Particle
Hardness on the Penetration Behavior of Fabrics Intercalated with Dry Particles and
Concentrated Particle−Fluid Suspensions. ACS Applied Materials & Interfaces, 1(11), 26022612.
47. Na, W., Ahn, H., Han, S., Harrison, P., Park, J. K., Jeong, E., & Yu, W. (2016). Shear
behavior of a shear thickening fluid-impregnated aramid fabrics at high shear
rate. Composites Part B: Engineering, 97, 162-175.
48. Grujicic, M., Snipes, J., & Ramaswami, S. (2017). Single-yarn pull-out test in neat, solventtreated and shear-thickening fluid-impregnated Kevlar® KM2 fabric. International Journal
of Structural Integrity, 8(2), 154-178.
49. Majumdar, A., & Laha, A. (2016). Effects of fabric construction and shear thickening fluid
on yarn pull-out from high-performance fabrics. Textile Research Journal, 86(19), 20562066.
50. Egres, R. G., Decker, M. J., Halbach, C. J., Lee, Y. S., Kirkwood, J. E., Kirkwood, K. M., . . .
Wetzel, E. D. (2006). Stab Resistance Of Shear Thickening Fluid (Stf)–Kevlar Composites
For Body Armor Applications. Transformational Science and Technology for the Current
and Future Force.
51. Ávila, A. F., Oliveira, A. M., Leão, S. G., & Martins, M. G. (2018). Aramid fabric/nano-size
dual phase shear thickening fluid composites response to ballistic impact. Composites Part A:
Applied Science and Manufacturing, 112, 468-474.
52. Yu K, Cao H, Qian K, Jiang L, Li H. Synthesis and Stab Resistance of Shear Thickening
Fluid (STF) Impregnated Glass Fabric Composites. FIBRES & TEXTILES in Eastern Europe
2012; 20, 6A(95): 126-128.
53. Szczepanski, Jakub Mikolaj, "Modification and integration of shear thickening fluids into
high performance fabrics" (2011). Theses and dissertations. Paper 761.
54. Guan, Y., Li, W., Zhang, Y., Shi, Z., Tan, J., Wang, F., & Wang, Y. (2017). Aramid
nanofibers and poly (vinyl alcohol) nanocomposites for ideal combination of strength and
toughness via hydrogen bonding interactions. Composites Science and Technology, 144, 193201.
55. Talreja, K., Chauhan, I., Ghosh, A., Majumdar, A., & Butola, B. S. (2017). Functionalization
of silica particles to tune the impact resistance of shear thickening fluid treated aramid
fabrics. RSC Adv.,7(78), 49787-49794.
56. Galindo-Rosales, F. (2016). Complex Fluids in Energy Dissipating Systems. Applied
Sciences, 6(8), 206.

29

57. Park, J. L., Yoon, B. I., Paik, J. G., & Kang, T. J. (2011). Ballistic performance of p-aramid
fabrics impregnated with shear thickening fluid; Part I – Effect of laminating
sequence. Textile Research Journal, 82(6), 527-541.
58. Lee, Y. S., Wetzel, E. D., & Wagner, N. J. (2003). The ballistic impact characteristics of
KevlarR woven fabrics impregnated with a colloidal shear thickening fluid. Journal of
Materials Science, 38, 2825-2833.
59. Butola, B. S., Majumdar, A., Jain, A., & Kaur, G. (2017). Multilayered flexible uni-polymer
and hybrid composites for ballistic applications. Fibers and Polymers, 18(4), 786-794.
60. Gustin, J., Joneson, A., Mahinfalah, M., & Stone, J. (2005). Low velocity impact of
combination Kevlar/carbon fiber sandwich composites. Composite Structures, 69(4), 396406.
61. Srivastava, A., Majumdar, A., & Butola, B. S. (2011). Improving the impact resistance
performance of Kevlar fabrics using silica based shear thickening fluid. Materials Science
and Engineering: A,529, 224-229.
62. Majumdar, A., Butola, B. S., Srivastava, A., Bhattacharjee, D., Biswas, I., Laha, A., . . .
Ghosh, A. (2016). Improving the impact resistance of p-aramid fabrics by sequential
impregnation with shear thickening fluid. Fibers and Polymers, 17(2), 199-204.
63. Majumdar, A., Butola, B. S., & Srivastava, A. (2013). Optimal designing of soft body armour
materials using shear thickening fluid. Materials & Design, 46, 191-198.
64. Hassan, T. A., Rangari, V. K., & Jeelani, S. (2010). Synthesis, processing and
characterization of shear thickening fluid (STF) impregnated fabric composites. Materials
Science and Engineering: A, 527(12), 2892-2899.
65. Li, X., Cao, H. L., Gao, S., Pan, F. Y., Weng, L. Q., Song, S. H., & Huang, Y. D. (2008).
Preparation of body armour material of Kevlar fabric treated with colloidal silica
nanocomposite. Plastics, Rubber and Composites, 37(5-6), 223-226.
66. Sun, L., Xiong, D., & Xu, C. (2013). Application of shear thickening fluid in ultra high
molecular weight polyethylene fabric. Journal of Applied Polymer Science, 129(4), 19221928.
67. Qin, J., Zhang, G., Zhou, L., Li, J., & Shi, X. (2017). Dynamic/quasi-static stab-resistance
and mechanical properties of soft body armour composites constructed from Kevlar fabrics
and shear thickening fluids. RSC Advances, 7(63), 39803-39813.
68. Kang, T. J., Kim, C. Y., & Hong, K. H. (2011). Rheological behavior of concentrated silica
suspension and its application to soft armor. Journal of Applied Polymer Science, 124(2),
1534-1541.
69. Baharvandi, H. R., Heydari, M. S., Kordani, N., Alebooyeh, M., Alizadeh, M., & Khaksari, P.
(2016). Characterization of the rheological and mechanical properties of shear thickening
fluid-coated Twaron® composite. The Journal of The Textile Institute, 108(3), 397-407.
70. Gürgen, S., & Kuşhan, M. C. (2017). The stab resistance of fabrics impregnated with shear
thickening fluids including various particle size of additives. Composites Part A: Applied
Science and Manufacturing, 94, 50-60.
71. Laha, A., & Majumdar, A. (2016). Interactive effects of p -aramid fabric structure and shear
thickening fluid on impact resistance performance of soft armor materials. Materials &
Design, 89, 286-293.

30

72. Kim, C. G., Kim, I. J., Lim, G., & Yoon, B. I. (2010). The Ballistic Impact Characteristics of
Woven Fabrics Impregnated with a Colloidal Suspension and Flattened Rolls. Advances in
Science and Technology, 71, 74-79.
73. Park, Y., Kim, Y., Baluch, A. H., & Kim, C. (2014). Empirical study of the high velocity
impact energy absorption characteristics of shear thickening fluid (STF) impregnated Kevlar
fabric. International Journal of Impact Engineering, 72, 67-74.
74. He, Q., Cao, S., Wang, Y., Xuan, S., Wang, P., & Gong, X. (2018). Impact resistance of shear
thickening fluid/Kevlar composite treated with shear-stiffening gel. Composites Part A:
Applied Science and Manufacturing, 106, 82-90.
75. Fahool, M., & Sabet, A. R. (2016). Parametric study of energy absorption mechanism in
Twaron fabric impregnated with a shear thickening fluid. International Journal of Impact
Engineering, 90, 61-71.
76. Chu, B., & Salem, D. R. (2017). Impact-induced solidlike behavior and elasticity in
concentrated colloidal suspensions. Physical Review E, 96(4).
77. Boersma, W. H., Laven, J., & Stein, H. N. (1990). Shear thickening (dilatancy) in
concentrated dispersions. AIChE Journal, 36(3), 321-332.
78. Cunniff, P. M. (n.d.). The V50 Performance of Body Armor Under Oblique Impact (United
States of America, US Army, US Army Soldier and Biological Chemical Command).
79. Gates, L. E., & Jr. (1968). Evaluation and Development of Fluid Armor Systems.
80. Nascimento, L. F., Louro, L. H., Monteiro, S. N., Lima, É P., & Luz, F. S. (2017). Mallow
Fiber-Reinforced Epoxy Composites in Multilayered Armor for Personal Ballistic
Protection. Jom,69(10), 2052-2056.
81. NIJ Standard 0101.06 (2008)

31

3. Characterization of Suspensions
Due to the empirical nature of the project’s origins, little was known about the characteristics of
the suspensions used. In order to understand how the suspensions and fibers work together, it was
paramount to characterize the suspensions themselves. By understanding and optimizing the
suspensions we can then optimize anti-ballistic behavior of armor samples utilizing said
suspensions.

3.1 Materials
Commercially available silicon dioxide (SiO2) particles ordered from US Research Nanomaterials,
Inc. included the spherical variety (stock number US3436), 15-20 nm, and the porous variety (stock
number US 3440), 15-20 nm. Hydrophobic (in water) silica particles from Aerosil® (R 805), 12
nm, were also used.
For a ceramic additive, silicon carbide (SiC) whiskers (Advanced Composite Materials Silar SC9M) were added to the mixture.
The particles above were suspended in commercially available PEG 400 (ChemWorld) at various
weight percentages.

3.2 Suspension Preparation
All silica particles have a density of 2.4 g/cm3 1. PEG400 has a density of 1.13 g/cm3 2.
Suspensions were made by weight percentage. For mixing, plastic centrifuge tubes were used to
contain the suspension. On a balance, the tube was zeroed out, then the particles weighed
accurately. Once weighed, the tube and particles were zeroed out and the PEG400 was added and
its weight was measured. Once both materials were in the tube, five to six 1cm diameter ceramic
spheres were added to the tube. Then the tube was sealed and mixed for 30-60 seconds on a Lab-
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Line Mistral 4600 multi mixer at the highest possible speed. Once completed, the suspensions were
considered to be dispersed evenly and could be used for further analysis. Figure 3.1 details this
workflow in a diagram.

Figure 3. 1: Work flow for the suspension fabrication process

In the very first iterations of the design, silicon oil (Consolidated Chemical) and alumina particles
(Sasol, Dispal 23N4-80), alumina needles (Sasol, Dispal-X0), and Disperal needles (an
experimental product from Sasol) were used in conjunction with silica particles and PEG400. Due
to the ballistics testing results, further lab work on these suspensions was discontinued.
For this section, an abbreviated naming pattern was introduced to allow for easy identification of
samples. For example, to classify a 10% by weight spherical silica suspension, the abbreviation
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would be 10S. For 15.6% weight spherical silica, the abbreviation would be 15.6S. For 13% weight
porous silica, the abbreviation would be 13P. For 5% weight hydrophobic silica, the abbreviation
would be 5H. For a 12% weight spherical silica plus 5% weight SiC addition, the abbreviation
would be 12S+5SiC.

3.3 Optical Imaging
In order to characterize the differences between the suspensions, an optical microscope (Huvitz
HR3-TRF-P) was used to estimate the size of visible aggregates. In order to measure, the
suspensions were diluted 100x in high purity ethanol and gently stirred in order to not disturb
formed aggregates. The diluted mixture was then coated on a silica wafer and placed in an oven at
80oC for 20 minutes to evaporate the ethanol off. Once dry, the suspensions were inspected under
the microscope to find the largest aggregates, then the size of the aggregates were measured using
the microscope software. Once measured, the aggregate size was correlated with the suspensions
to measure whether or not the size changed with concentration or particle type. The suspensions,
once diluted via the method described above, were observed to note any interesting characteristics
or behaviors. It was found that the particles appear to form agglomerates within the PEG matrix,
and that these are visible under the optical microscope. In order to try to quantify what was
observed, the diameters of these agglomerates were measured (30-50 measurements per sample)
using Panasis software to see if there was any correlation between suspension type and percent
weight and agglomerate size. Figure 3.1 shows the raw data from the microscope with the
agglomerates indicated. Figures 3.2 through 3.4 show the relationship between concentration and
agglomerate size based on particle type.
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Figure 3. 2: Raw image of the optical microscope indicating the agglomerates which were measured
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Figure 3. 3: Change in agglomerate diameter vs. percent weight, spherical particles
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Figure 3. 4: Change in agglomerate size vs. percent weight particles, porous particles

These are very interesting relationships. The spherical particle-based suspensions exhibit a nearlinear increase in agglomerate size with increasing particle concentration. Meanwhile the 13.8%
by weight porous particle suspension exhibited the smallest agglomerates and the smallest
average droplet size when compared to the rest of the porous suspensions. It is unclear why the
suspensions would exhibit this type of behavior.
In contrast to the spherical and porous particle-based suspensions, the average agglomerate size
for the hydrophobic particle-based suspensions experiences a decrease in overall agglomerate size
with increasing concentration.

36
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Figure 3. 5: Change in agglomerate size vs. percent weight particles, hydrophobic particles

Here we introduce a parameter where the size of the particles is divided by the size of the
agglomerates. Using this, we can compare the differences of the various suspensions in Table 3.1.

Spherical

Agglomerate size/particle size ratio

10%

157.8

13%

193.47

16%

204

20%

226

Porous
10%

182

13%

176

16%

196

20%

187.33

Hydrophobic
3%

315.33

5%

234.67

7%

231.33

Table 3. 1: Agglomerate size/particle size for all suspensions
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We clearly see a size distinction between the porous and the hydrophobic particles, with the
hydrophobic agglomerates being 25-50% larger than those of the porous particles. Again, it is
unclear why the suspensions would have this behavior.

3.4 Rheology
Measurements
Rheometers measure fluid viscosity over a range of shear rates. A Broomfield Amtex DV3T
rheometer was used for all rheological measurements in this work. The rheometer was used to
measure viscosity vs shear rate to determine the type of non-Newtonian behavior and to compare
various suspensions. Depending on the fluid, either the CP-42 cone or the CP-52 cone was used. If
the fluid was less viscous, the 42 sufficed. If the fluid was more viscous as in the case of higher
percentage suspensions, the 52 was required in order to obtain useable data. The 52 could not be
used with lower viscosity suspensions due to data inaccuracies from low torque. To measure, 1 mL
of fluid was placed into the center of the cup, and the cup was married to the proper cone. The
instrument was run at 100-250 rpm, and the data from each test was recorded and used for analysis.
Spherical Silica Particle-Based Suspensions
The first step in our study was to investigate the rheology of suspensions. In order to understand
the rheological behavior of the suspensions, the rheometer was used over a range of revolutions per
minute (RPM) to vary shear rate. Since viscosity at a specific shear rate is an important indicator
of the suspension’s anti-ballistics capabilities, the viscosity vs. the shear rate and the shear stress
vs. the shear rate is graphed in the analysis of this section.
In Figure 3.6, data for spherical silica particles suspended in PEG400 is presented to provide a
baseline for further testing. Spherical silica and PEG400 are the original iteration of the nonNewtonian fluid used in the first round of ballistics testing. It is this combination which performed
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extremely well and which became the cornerstone of the laboratory research conducted at Clemson
University.

Shear Rate vs. Shear Stress - Spherical
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Figure 3. 6: Change in viscosity with shear rate of various spherical particle-based suspensions in
PEG400

From Figure 3.6, it is clear that the rate of change of the non-Newtonian fluid behavior increases
in magnitude with increasing percent weight of the silica particles in suspension. We also see that
all of the suspensions exhibit thinning behavior in some manner. Before this data, it was assumed
that the suspension underwent shear thickening behavior only, and that was what contributed
significantly to the anti-ballistics properties. Now, it has become clear that this may not be the case,
at least not the entire picture. It is important to note that the shear rates achievable by the rheometer
are on the order of 103 s-1. Under a ballistics load the shear rate would be on the order of 105 to 106
s-1 according to the approximation equation below:
𝛾̇ =

𝑣𝑝
,
𝑑𝑝
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where 𝛾̇ is the shear rate, 𝑣𝑝 is the projectile velocity at impact, and 𝑑𝑝 is the diameter of the tip of
the projectile. For example, for a 5.56 caliber rifle round, the bullet tip diameter is 1mm, and the
bullet muzzle velocity is 940 m/s (assuming negligible distance between muzzle and target)3. So
the shear rate imparted by this particular bullet is 9.4x105 s-1.
So, while the data above shows only thinning behavior, the entire range of experienced shear rates
is not present in this data set and thus does not provide the whole picture of rheological behavior
over the range of expected shear rates. Figure 3.7, from Lee, Wagner and Wetzel4, shows a sharp
increase in viscosity once the shear rate reaches a critical shear rate, γc, where the suspension
changes from thinning to thickening behavior.

Figure 3. 7: Viscosity vs. shear rate for various silica suspensions in poly(ethylene glycol)4

Though these suspensions experience this γc at lower shear rates, the packing fractions are three
times higher than the ones used in this study. It would not be out of the realm of possibility that the
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γc would shift right as the packing fraction decreases and that the suspensions used in this study do,
in fact, experience thickening behavior, it is just not detectable with the current rheometer available.
Figure 3.8 shows how the viscosities of the suspensions change with shear rate.
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Figure 3. 8: Smallest and largest values of shear stress vs. viscosity for spherical suspensions

From this data it is clear that, with increasing concentration, there is an increase in viscosity. We
also see that with increasing shear rate there is a decrease in viscosity, indicating thixotropic
behavior of the investigated suspensions. We also see an increase in the rate of the thinning
behavior with increasing concentration.
Addition of SiC Whiskers to Spherical Silica Particle-Based Suspensions
Also investigated in this study was the rheology of the addition of silicon carbide whiskers at 5%
by weight to the suspensions of spherical silica particles. This was due to previous studies
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suggesting that SiC additions will enhance the rheological profile of the suspensions 5. Figure 3.9
details the change in shear stress with a change in shear rate for these suspensions.

Shear Stress vs. Shear Rate - SiC Addition to Spherical ParticleBased Suspensions
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Figure 3. 9: Shear stress vs. shear rate for the spherical particle-based suspensions with the SiC
addition

Similarly with the spherical particle-based suspensions, we see that, at all concentrations, the
suspensions exhibit shear thinning over this range of shear rates. We also see that, with increasing
concentration, an increase in the rate of thinning, shown by the increasing slope of the lines. We
also see that the SiC additions result in lower shear stresses at the same shear rates for similar
suspensions without SiC. Namely, the difference between the largest shear stress for the 10%
spherical particle only suspension is roughly 300 dyne/cm2 larger than that for the same suspension
with the SiC addition. This may indicate less favorable anti-ballistic behavior in the future.
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Figure 3.10 shows the results of the change in viscosity with a change in shear rate for the SiC
addition suspensions.
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Figure 3. 10: Viscosity vs. shear rate for SiC addition to spherical particle-based suspensions

Again, similar to that of the spherical particle-based suspensions, we see an increase in viscosity
with an increase in shear rate. We also see thixotropic behavior for all the SiC addition
suspensions regardless of concentration. We also see the same increase in the rate of thinning
with increasing concentration.
Hydrophobic and Porous Particle-Based Suspensions
Also investigated in this study was the rheology of hydrophobically coated silica particles and
porous silica particles, to determine whether surface area and surface morphology played a
significant role in the rheology of the fluids. The results of the shear stress vs. the shear rate of
these suspensions are in Figure 3.11.
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Shear Rate vs. Shear Stress - Hydrophobic and Porous
Particle-Based Suspensions
8000

Shear Stress (dyne/cm²)

7000
6000
5000
5H

4000

7H

3000

13P

2000
1000
0
0

100

200

300

400

500

600

700

800

900

1000

Shear Rate (s-1)

Figure 3. 11: Shear stress vs. shear rate for hydrophobic and porous particle-based suspensions

From this data, it appears there is very minor thinning behavior after 400 reciprocal seconds. Up
until this point, the hydrophobic particle-based suspensions behave in a Newtonian fashion.
Previous studies predicted that hydrophobically coated silica particles would interact more with
each other in a suspension, and this interaction may be why the suspensions exhibit mild shear
thickening behavior10. Also predicted by previous studies is the thinning behavior of these
hydrophobic particle-based suspensions11. Our experiments indicate near-Newtonian behavior
under various shear rates which may be indicative of poor performance under ballistic loads.
Figure 3.12 shows the viscosity vs. shear rate graph for the suspensions in Figure 3.11.
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Figure 3. 12: Shear Rate vs. Viscosity of the Hydrophobic and Porous Particle-Based Suspensions

It is immediately interesting to note the near-Newtonian behavior of the porous particle-based
suspension, also seen in Figure 3.11, indicated by the near-horizonal slope of its line. Again, as
with the previous types of suspensions, we see an increase in viscosity with an increase of
concentration of the hydrophobically coated particles. However, similar viscosities and rates for
the hydrophobic particles required 50% less material than the unaugmented spherical silica
particles. If this behavior is favorable for anti-ballistic applications, this will be a cost-effective and
resource-effective measure for the manufacturer.

3.5 Surface Tension
A Krüss drop shape analysis system (model DCA-10) was used in this portion of the experiment.
In order to measure surface tension, a drop of fluid suspended from a needle tip of known
diameter was measured at the point where the fluid was about to separate from the needle. The
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image was frozen, and the Drop Shape Analysis software was used to measure the surface tension
via the Young-Laplace Equation fit method12. Once measured, the experiment was repeated five
times per drop to ensure data accuracy, then graphed for analysis.
It is established that lower surface tension substances will experience less resistance when
permeating a porous medium via13:

Pc = Pi − Po = ∆P =

2𝜎
𝑟

where Pc is the capillary pressure, Pi is the pressure inside the capillary, Po is the pressure outside the
capillary, 𝜎 is the surface tension, and r is the radius of the capillary.

The previous equation predicts that the lower the surface tension, the lower the capillary pressure
is needed for diffusion the fluid into the capillary. It becomes important, then, to examine the
surface tension of the suspensions to rule out or factor in this characteristic when looking at
ballistics performance and the suspension’s interaction with the fabric. Using the pendant drop
analysis method described in the characterization methods section above, the suspensions were
investigated. In order to maintain a constant range of viscosities, the variation in the spherical
particles ranged from 10-20%. Then, in order to cross reference the spherical to the hydrophobic
and the porous silica, the same weight percentage of the porous silica and the hydrophobic
suspension which exhibited the closest viscosity to 13% spherical were also investigated. The
change in drop shape is shown by figure 3.13. The results for all investigated suspensions are shown
in Figure 3.14
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Figure 3. 13: Change in drop shape from a) pure PEG400 b) 10% spherical particle-based
suspension, c) 13% spherical particle-based suspension, and d) 16% spherical particle-based
suspension
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Figure 3. 14: Surface tensions of various suspensions

Note the lack of data for the hydrophobic suspensions of 5% . This is due to the fact that between
3% and 5% by weight, the suspension changes from a liquid state to a type of gel state and thus
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No data
available
5H

produces a droplet that cannot be analyzed. Figure 3.15 shows the change in drop shape from 3%
hydrophobic to 5% hydrophobic. It is interesting to note that, because the 5% droplet is static, we
can immediately see a difference in the viscoelasticity of the suspension. This is indicated by the
suspended air bubbles in the droplet. If this was a suspension that did not exhibit some manner of
viscoelasticity these bubbles would have risen to the surface and popped before the droplet was
made on the needle tip. It is unclear whether or not this viscoelastic behavior will result in increased
anti-ballistic performance when used in conjunction with fabric.

Figure 3. 15: Drop shape for 3 wt% hydrophobic suspension (left) and 5 wt% hydrophobic
suspension (right)

These droplets are static, even though the 5% hydrophobic particle looks as though it was moving
when the image was captured. Due to this phenomenon the 5% and 7% hydrophobic particles were
not analyzed for surface tension, considering above this point they are no longer traditional liquids.
The data presented in Figure 3.14 shows that 13% weight spherical particles demonstrated the
lowest surface tension. From 10% spherical to 13% spherical, there was a difference of only three
mN/m, and the largest difference between 13% spherical and 3% hydrophobic was just under 4
mN/m. It is extremely important to make a distinction between “hydrophilic” and “hydrophobic”
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terms. The manufacturer’s stated philicity or phobicity is in relation to water, not the suspending
medium, PEG400, and the particle interaction may vary due to this difference. For a baseline
comparison, more hydrophilic fluids exhibit higher surface tensions, and hydrophobic fluids have
lower surface tensions.
In terms of data analysis, there are two different possibilities for the changes in surface tension.
One option is that the “hydrophilic” spherical silica particles are exhibit a phobic behavior when
suspended in PEG400, and that the surface tension decreases because the overall macro level
suspension behaves in a hydrophobic manner when compared to pure PEG400. This would also
indicate that the addition of the hydrophobic particles to PEG400 results in a suspension that is
relatively hydrophilic in reference to pure PEG400, indicated by the increase in apparent surface
tension when compared to pure PEG400. These trends are both evident in Figure 3.14.
The second possibility is that there is a hydrophilic interaction between the spherical particles and
PEG400. This would result in more even distribution of particles at the surface of the droplet which
lowers the apparent macro level surface tension. This would also indicate that with the addition of
“hydrophobic” particles, the particles migrate away from the surface and exhibit a behavior almost
like a phase separation since the particles are interacting with themselves more than the PEG400.
This results in few particles on the surface of the droplet which increases the apparent surface
tension when compared to pure PEG400. More work is necessary to determine which (if either) of
these mechanisms is the true picture of the suspension behaviors.

3.6 QCM-D
For dynamic analysis and energy dissipation measurements of the suspensions, a quartz crystal
microbalance measuring dissipation (QCM-D) from Biolin Scientific was used. The QCM-D works
by detecting changes in frequency of a vibrating crystal in contact with a viscous medium and
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displaying the changes in frequency and dissipation on a graph. For this experiment, a gold crystal
was used and fluid was pumped over the crystal at a rate of 0.1mL/min. The crystal was calibrated
in air, then pure PEG400 was pumped over the crystal, then the suspension being measured. All
experiments were conducted at 25oC. Once completed, the raw data was copied into a QCM-D
graphing program to visually represent the changes in dissipation and frequency over the courses
of the experiment.
Each suspension was run through the machine, then the raw data was graphed in a manner which
displays the change in frequency and dissipation from a baseline (pure PEG 400). Due to the
viscosity of the suspensions, only 5MHz, 15MHz and 25MHz frequencies were used. Figure 3.16
of the frequency data from the suspension of the 10% by weight spherical SiO2 particles is displayed
below:
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Figure 3. 16: QCM-D change in frequency data for the 10% spherical suspension
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In Figure 3.13 and the following figures, brackets indicating various areas on the graph are
included. The first section shows the calibration phase. This phase is also the baseline to which all
other phases are compared to. Next, the water phase was used as an initial check to ensure the
machine is responding appropriately to an addition of a heavier media over the crystal. Then, pure
PEG 400 was introduced to use as a comparison to the suspension behavior. Then the suspension
itself was introduced and its behavior was noted and compared to pure PEG 400. As expected, with
the addition of a heavier media, we see a drop in the change in frequency because heavier solutions
suppress the crystal vibration to a higher degree. We observe this behavior for the air-water
transition and for the water-PEG 400 transition at all three frequencies. Since the suspensions are
heavier than PEG 400, we initially believed we would see a similar decrease in the change in
frequency at all three frequencies with its addition. However, we only saw further decrease at 5 and
15 MHz. At 25 MHz, a frequency corresponding to the highest relative shear rate, there was an
increase in the change in frequency. Initially this was puzzling, so until tests were run on the rest
of the suspensions the analysis of this behavior would wait. Figures 3.17 through 3.22 display the
rest of the change in frequency data for the spherical particle-based suspensions.
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Figure 3. 17: QCM-D change in frequency data for the 12% spherical suspension
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Figure 3. 18: QCM-D change in frequency data for the 13.8% spherical suspension
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Figure 3. 19: QCM-D change in frequency data for the 15.6% spherical suspension
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Figure 3. 20: QCM-D change in frequency data for the 17.3% spherical suspension
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Figure 3. 21: QCM-D change in frequency data for the 19.1% spherical suspension
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Figure 3. 22: QCM-D change in frequency data for the 10% spherical suspension with SiC additive

54

For all suspensions studied we found a similar trend. All three frequencies drop for the first two
transitions, but with the addition of the suspension the frequencies experience a decrease only at
the two lower frequencies and an increase at the highest frequency.
What does this mean? Through the Saurbrey relation below14, frequency is directly proportional to
mass, an increase in the change in frequency must mean that the mass of the sample is changing
and becoming “heavier.” This increase in apparent mass means that more interactions must occur.
∆𝑚 = 𝐶 ∙ ∆𝑓 where 𝑚 = 𝜌 ∙ 𝑣
where ∆𝑚 is the change in mass, C is a constant, ∆𝑓 is the change in frequency, 𝜌 is the
suspension density, and V is the volume of the suspension over the crystal.
However, the same flow rate of material over the crystal was used at all phases, and the suspensions
were uniformly distributed so the overall mass of the sample above the crystal could not change.
The volume of the amount of fluid over the crystal also does not change due to the constant flow
rate used. Therefore, the only thing that changed with the addition of the suspension was the
apparent fluid density, since its volume is constant. With shear thickening behavior, the suspended
particles aggregate and form hydroclusters and thus increase the local density at the site of shear
(the surface of the crystal). Therefore, at the 25MHz frequency the suspensions exhibit thickening
behavior. It is not clear whether or not the suspensions at 5MHz and 15MHz are exhibiting thinning
behavior or if the decrease in the change in frequency is simply due to the introduction of a heavier
media.
The next question is, how does the frequency at 25MHz compare to traditional shear rates? They
are both in the same units of reciprocal seconds, so it would be possible to assume that the local
shear rate at the crystal surface may be proportional to a larger scale shear, like a ballistics impact.
The shortcoming of the rheometer is that it could only impart a shear rate up to the order of 103 s-
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1

. With the QCM-D, we may be getting a better picture of the fluid rheology at higher shear rates,

since 25MHz is on the order of 107 s-1. As calculated in the rheology section, we see that a
traditional bullet impact on a sample would impart a shear rate on the sample on the order of 105106 s-1. Therefore, using the QCM-D, we may be seeing behavior of the suspensions at these shear
rates which will help in further design and testing of the ballistics samples.
Which suspension above exhibited the behavior most suited for anti-ballistics applications? From
the hypothesis above, the sample which exhibits the greatest increase in the change in frequency is
expected to exhibit the greatest thickening behavior. In order to compare the suspensions, the
difference between the orange line at 15MHz and the grey line at 25MHz was used. An average of
the 15MHz frequency was taken over the equilibrium point and subtracted from the same average
of the 25MHz frequency. Given the nature of the data, it was difficult to determine which point on
the grey line to use, so an average was taken of all the points once the suspension reached an
equilibrium point indicated by the brackets on Figure 3.17 through 3.22. If the grey line disappeared
before equilibrium was reached (due to the fluid density exceeding the crystal’s ability to vibrate
the crystal at the necessary frequency), the last point was used. Table 3.2 displays the differences
between 15MHz and 25MHz for all the suspensions displayed above.

Suspension

Δf (Hz)

10.0%

263.5278

12.0%

466.7908

13.8%

629.488

15.6%

914.1878

17.3%

1234.023

19.1%

1328.317

10% + 5% SiC

176.9419

Table 3. 2: Sample type and the associated change in frequency between 15MHz and 25MHz
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Clearly, the suspension at 19.1% by weight spherical silica exhibits the largest degree of thickening
behavior based upon the calculations of the relative difference between 15MHz and 25MHz. This
information was taken into account to be used in the analysis of further ballistics testing, and it
would be expected that, since the 19.1% spherical particles off the largest degree of thickening, it
would perform the best under a ballistics impact. The reason is that the extensive thickening would
dissipate the most energy. In fact, in the Ballistics Testing section of this thesis, this hypothesis is
subsequently proven through energy dissipation calculations.
The second piece of information that can be obtained from the QCM-D is the dissipation of energy
with the addition of new layers. Traditionally, the QCM-D measures dissipation for protein
processes, such as the addition of an enzyme to a protein on the crystal surface14. However, in this
capacity, the QCM-D can give an insight into how a suspension will dissipate energy under a
ballistics impact. In order to measure the dissipation, the QCM-D will vibrate the crystal at a given
frequency, then shut off the voltage to the crystal, according to the equation:

𝐷=

𝐸𝑙𝑜𝑠𝑡
2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑

where 𝐸𝑙𝑜𝑠𝑡 is the energy lost during one oscillation cycle and 𝐸𝑠𝑡𝑜𝑟𝑒𝑑 is the total energy stored in
the oscillator12.
Upon the cessation of power the crystal will continue to vibrate but will dissipate energy due to the
film on its surface until all of the frequency’s energy is dissipated and the crystal no longer vibrates.
The larger the change in dissipation, the greater the suspension’s ability to dissipate energy from a
ballistic impact will be. Figure 3.19 displays the change in dissipation graph for the 10% spherical
suspension.
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ΔD 10% Spherical
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Figure 3. 23: QCM-D change in dissipation data for the 10% spherical suspension

For Figure 3.20 and future figures, brackets indicating each phase of the test are included on this
first graph. As expected, with the addition of a more viscous media, the overall change in
dissipation increased, since more viscous materials naturally tend to dissipate more energy14. It is
interesting to note that between the PEG 400 phase and the suspension phase, the change in
frequency for the 5MHz frequency is largest, and the change also decreases for each subsequent
frequency. This indicates that the largest energy dissipation occurs at 5MHz, and the least
dissipation occurs at 25MHz. This phenomenon can be explained in terms of the increase of
viscosity with increase in shear rate. However, it would be an overestimation to state that, at these
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frequencies, the suspensions exhibit shear thickening. More research is needed to verify this.
However, we can say that there is a change in viscoelastic behavior for the suspensions at these
frequencies, and that this may play a role in future anti-ballistic performance. Figures 3.24 through
3.29 show the rest of the change in dissipation graphs for the suspensions.
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Figure 3. 24: QCM-D change in dissipation data for the 12% spherical suspension
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Figure 3. 25: QCM-D change in dissipation data for the 13.8% spherical suspension
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Figure 3. 26: QCM-D change in dissipation data for the 15.6% spherical suspension
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Figure 3. 27: QCM-D change in dissipation data for the 17.3% spherical suspension
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Figure 3. 28: QCM-D change in dissipation data for the 19.1% spherical suspension
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Figure 3. 29: QCM-D change in dissipation data for the 10% spherical suspension with SiC addition

In order to compare the energy dissipation effect between PEG 400 and the suspension, the average
change in frequency for the PEG 400 phase was subtracted from the suspension phase. The data in
Table 3.3 shows this for all frequencies at this transition.

Suspension

ΔD, 5MHz (Hz)

ΔD, 15MHz (Hz)

ΔD, 25MHz (Hz)

10.0%

3125.80

1813.86

1337.84

12.0%

955.73

399.70

365.18

13.8%

1321.12

541.06

352.83

15.6%

1578.90

771.40

485.05

17.3%

1774.02

909.52

847.51

19.1%

1929.57

1064.73

727.48

10% + 5% SiC

3041.72

1796.12

1311.74

Table 3. 3: Sample type and the associated change in dissipation for the differences between the PEG
and suspension phases for the used frequencies
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In order to provide a clearer, pictorial representation of the table above, Figure 3.30 is also included
which clearly displays the interesting behavior between the three frequencies for each suspension
as well as the behavior comparison between each of the suspensions.
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15MHz
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Figure 3. 30: Graphical representation of the change in dissipation from the PEG to the suspension
phase at each frequency and the change in frequency overlayed to note trends

As predicted, the 5MHz frequency consistently exhibited the greatest amount of energy
dissipation due to less pronounced viscoelastic changes. Similarly, there is less dissipation at the
15MHz frequency and even less at 25MHz due to the increasing viscoelastic changes of the
suspensions. Figure 3.30 is included to show the comparisons between the six tested suspensions.
It is most interesting to note that there is a significant loss of dissipation effects between 10% and
12% by weight spherical silica particles, and that after this point there seems to be a linear
increase in dissipation up to 19.1% by weight particles. Also interesting is the similarities of the
10% spherical to the 10% spherical with SiC addition. There seems to be negligible difference
between these samples in terms of dissipation, so it may be easier, at least for a researcher, to
work with the 10% spherical particle-based suspension.
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The change in frequency is also included in Figure 3.30 so that trends between both parameters
can be easily compared. For the change in frequency, as the concentration of spherical particles
increases, so does the change in frequency from Table 3.2. For the change in dissipation, it would
seem that the 10% spherical dissipated the most energy, followed by the 10% spherical with 5%
SiC addition. Then it drops sharply and increases again from 12-19.1%wt. These appear to be two
different trends for the parameters despite the fact that this information was gathered
simultaneously from the QCM-D.
As for why this behavior occurs, it is not known, but based on this graph alone it would seem that
10% by weight would produce, overall, the best energy dissipation characteristics for ballistics
applications. Of course, this does not include any other considerations like the fiber-suspension
interactions, but this information may prove to be useful when designing future armor samples for
ballistics testing.
For the QCM-D testing, the first phase was completed only on the spherical silica. The addition
of porous silica was an afterthought and thus the suspensions were never run through the QCM-D
due to time constrains. In regards to the hydrophobic particle-based suspensions, due to their
rheological behavior even the 3% by weight suspension was unable to be successfully analyzed
via the QCM-D, thus the lack of data on those samples.

3.7 Conclusions
To summarize this section of the thesis:
•

For the agglomerate size, we see a near linear increase of agglomerate size for the
spherical particle and porous particle suspensions, and a near linear decrease in
agglomerate size for the hydrophobic particle suspensions.
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•

In terms of rheology, the greatest rate of change was shown by the 19.1% spherical
particle suspension.

•

For surface tension, the lowest tension was demonstrated by the 13.8% spherical particle
suspension, with the overall range for all suspensions investigated falling within four
mN/m of each other.

•

For the QCM-D, we see a minor viscoelastic behavior changes at the lower frequencies,
and larger changes at the higher frequency. We also see the most energy dissipation from
the 10% spherical particle and 10% spherical particle + 5% SiC suspensions. Then in
ascending order, the dissipation increases from 12% to 19.1% spherical particle, but
never reaches the same magnitude as the 10% spherical particle suspensions.
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4. Characterization of Fluid-Fabric Interaction
Once the fluids were thoroughly characterized via the methods discussed in the previous section,
the attention moved to characterizing the interaction between the suspensions and the fabric. This
interaction is equally as important. Therefore, combining the data discussed in this section with
the previous ones allows us to build a clear picture of the characteristics of the fabric-suspension
interaction.

4.1 Materials
Three types of commercially available fabrics were used in conjunction with the suspensions.
Kevlar 29 style 745 (Armorco), carbon fiber 1K, plain weave (Fibreglast), and fiberglass 6781 S2
(Fibreglast).

4.2 Composite Preparation
A Foodsaver (model V2244) was used to package each composite material us in the flexibility and
ballistics testing.
For the composite being tested, the particular number of Kevlar, fiberglass and carbon fiber layers
were cut out in dimensions of 5”x7” (12.7x17.8 cm) which is the size of a standard Improved
Modular Tactical Vest side plate. Once cut out, the suspension to be used with the fabric was either
made from scratch or refreshed (by mixing on the Mistral for 30-60 seconds) from previous batches.
When mixed, the first layer of fiberglass fabric or carbon fiber fabric (these materials were never
used in conjunction) was placed on top of a piece of recycled copy paper. The fabric was then
treated one-sided with approximately 7 mL of suspension. The fluid was painted onto the surface
evenly to all edges, and once complete, the next layer of fiber was placed on top and painted with
another layer of fluid. The final layer was also painted with fluid then a second piece of paper was
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placed on top of the fluid. The excess paper and fraying fabric were cut off, and the entire ensemble
of paper, fiber layers, and suspension was placed into a Foodsaver plastic bag and vacuum sealed.
The Foodsaver exerts between 21 and 23 mmHg of vacuum pressure onto a sample. Once vacuum
sealed, the excess plastic was trimmed and folded to reduce the size. In a second bag, the layers of
Kevlar were arranged, then the vacuum sealed fiber-fluid package was placed in front. The whole
ensemble was flattened to reduce the excess air in the second bag, then the top was sealed to enclose
the package. It is important to note that the second package is not vacuum sealed, only flattened.
We found experimentally that vacuum sealing the second package reduces Kevlar fiber’s pullout
behavior which we suggest to be important for successful impact resistance. Figure 4.1 outlines the
workflow description presented.

Figure 4. 1: Work flow diagram for composite preparation
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As for the suspensions, an abbreviated naming pattern was used. The suspensions are the same as
in the previous section, and the fabrics are designated CF for carbon fiber fabric and FG for
fiberglass fabric. For a sample which uses a 12% weight spherical silica suspension on carbon fiber
fabric, its abbreviation is CF-12S. A dry carbon fiber fabric sample would be CF-Dry. A fiberglass
fabric sample treated with 5% hydrophobic silica would be FG-5H.

4.3 Contact Angle
The Krüss drop shape analysis system (model DCA-10) in the surface tension analysis was used to
measure the contact angle for the suspensions on both carbon fiber fabric and fiberglass fabric. To
do so, a drop similar to the drop necessary for surface tension was made, and the surface of the
fabric was elevated to meet it. Upon contact of the drop, a 30 second timer was started, and at the
conclusion of 30 seconds the camera was frozen and the Sessile Drop Shape Analysis type-2
method of the software was used to calculate the contact angle. This process was repeated five
times to ensure data accuracy. If the fabric would not stay flat, the surface was wetted with ethanol
and the ethanol was allowed to evaporate off the fabric for approximately a half hour. This method
is used to characterize the contact angle of the suspensions on the fabrics. This was used to verify
that the suspensions are wetting the fabric and that there exists some interaction, and then to classify
which suspensions exhibited the necessary level of penetration on the fabric. The suspensions with
the lowest angles should exhibit the largest liquid penetration of said fabrics. Whether or not
penetration of the fluid into the fabric may correlate to anti-ballistics behavior will be discussed in
the next section. Figure 4.2 shows the droplet shape on the carbon fiber fabric surface for three
spherical particle-based suspensions. In Figures 4.3, 4.4, and 4.5, the contact angle data is
presented. It is grouped according to the type of suspension used as well as the type of fabric the
contact angle was measured on.

69

Figure 4. 2: Contact angle droplet shapes for a) 10% spherical particle suspension, b) 13% spherical
particle suspension, and c) 16% spherical particle suspension

Contact Angle - Spherical Particle Suspensions
90.0
78.5

80.0

68.3

Angle (degrees)

70.0
60.0

76.7
62.3

60.8

59.6

57.0

52.8

50.0
40.0

Fiberglass

30.0

Carbon Fiber

20.0
10.0
0.0
10S

13S

16S

20S

Sample

Figure 4. 3: Contact angles of spherical particle-based suspensions on fabrics
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Figure 4. 4: Contact angles of porous particle-based suspensions on fabrics
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Figure 4. 5: Contact angle of hydrophobic particle-based suspensions on fabrics
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Each suspension was imaged and analyzed in similar fashion to the image above. Using type-2
analysis of the Drop Shape Analysis software, each measurement was repeated five times for data
accuracy, and the data from the experiments is displayed in the table below:
It would appear that for the vast majority of suspensions, the contact angle on the fiberglass fabric
is higher than that for the carbon fiber fabric, indicating that there is a more favorable interaction
between the carbon fiber fabric and suspension. We also observed that, for the majority of the
suspensions, there was an increasing contact angle with increasing concentration, indicating that
with higher concentration, there was less favorable interaction between the fabric and suspension.
This may be due to hinderance of the particles where the less concentrated suspensions could
increase the interaction of PEG400 and the fabric surface. With more particles there is less
PEG400 to interact with and this may lead to a larger contact angle.
It is unclear how the contact angle will affect the anti-ballistics performance of a composite.

4.4 Pore Size Distribution
A PMI capillary flow porometer was used for all porosity measurements. A porometer measures
the number of pores, mean pore size, and the smallest and largest pores detected in a sample fabric.
For this experiment, the bubble point method was utilized. The sample was placed inside the
porometer chamber, wetted with Galwick (low surface tension poly(perfloroether) based wetting
agent) then sealed. The chamber equalizes the pressure then lowers the pressure, then allows the
chamber to return to room pressure. In doing so the pores are measured by the amount of air pulled
through the fabric. Once complete, the size of the smallest pore detected, mean flow pore size and
the size of the largest pore detected are recorded. Screenshots of the wet and dry curves were also
taken and saved for analysis. Dry carbon fiber fabric, dry fiberglass fabric, and impregnated
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samples of the same were all tested. The impregnated samples were previously vacuum sealed in
Foodsaver bags, then unsealed right before being placed into the test chamber.
Another parameter important to textiles is fabric porosity. To characterize the interaction between
suspension and fabric, the dry fabric porosity was measured first, then measured again after being
impregnated with the suspension. If the fabric absorbed the suspension, there will be some pore
filling which will result in better overall impregnation of the fabric and thus may result in better
anti-ballistics performance.
The first step for this method was to make sure that the wetting agent necessary to run the
porosity instrument would not interfere with the suspensions. Therefore, the wetting agent had to
be completely immiscible with PEG 400. An IR spectrum of the wetting agent showed that it was
some variation of a poly(perfluoroether) which is completely immiscible with PEG 400. In order
to verify this information, the wet curve of the porosity graph for the unimpregnated fabric
sample was compared to the wet curve of the impregnated sample. Figures 4.6 and 4.7 are the
comparisons for the dry fiberglass fabric curve with the fiberglass fabric sample impregnated
with 10% spherical solution. Due to the software used for the analysis, the image was
automatically cropped by the software when saving. No manner of changing parameters will
adjust the image; however, the image displays the necessary data so ultimately the results were
the same.
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Figure 4. 6: Dry fiberglass wet, dry and PRESSURE
½ dry curves
from the porometer
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Figure 4. 7: Impregnated fiberglass wet, dry PRESSURE
and ½ dry
(PSI)curves from the porometer

4.

The comparison of the wet curves yielded a negligible difference for the wet curve for the
unimpregnated sample compared to the impregnated one. From this data it is assumed that using
the wetting agent had a negligible effect on the results of the porosity tests.

74

4.5

Next step was to analyze the smallest pore detected. This is necessary because if the particles fill
the smaller pores, then the apparent smallest pore will be larger when compared to the neat fabric.
The porometer measures pore sizes for all states via the equation1:

𝑑=

𝐶𝜏
,
𝑝

where 𝑑 is the calculated pore size, C is a pressure unit-based constant, 𝜏 is the surface tension of
the wetting agent, and 𝑝 is the pressure differential. To relate surface tension to contact angle we
also need the equation:

𝑞=

𝑘 ∆𝑃 𝑘 𝜎𝑐𝑜𝑠𝜃
=
,
𝜂 𝐿
𝜂 𝑟∙𝐿

where 𝑞 is the total discharge, 𝑘 is the intrinsic permeability of the fabric, 𝜂 is the viscosity of the
fluid, ∆𝑃 is the pressure gradient across a pore, 𝐿 is the pore length, 𝜎 is the surface tension of the
fluid, 𝜃 is the contact angle of the fluid on the fabric, and r is the radius of the pore.
To calculate the smallest pore detected, the instrument takes the smallest pressure flow and
compares it to the mean flow pressure. For the largest pore, it takes the largest pressure flow and
compares it to the mean flow pressure. The mean flow pressure is the pressure at which the wet
pressure flow is ½ the dry pressure flow. These three measurements are used to calculate the pore
sizes.
Figures 4.8 and 4.9 show this information for the carbon fiber fabric and fiberglass fabric samples
impregnated with various suspensions.
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Figure 4. 8: Smallest pore detected on carbon fiber fabric impregnated with various suspensions
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Figure 4. 9: Smallest pore detected on fiberglass fabric impregnated with various suspensions
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First to note is the dry carbon fiber fabric and dry fiberglass fabric bars to the far left. These are
the baselines for the rest of the suspensions. Comparing the dry fabric to their impregnated
counterparts, we see that each of the samples has a decrease in the size of the smallest pore
detected. The observed result indicates that the suspensions partially occupy the smallest pores,
effectively decreasing their observed size
Next piece to analyze is the mean flow pore size. This information is important because it is a
rough estimation of the mean pore size. If the distribution of pore sizes changes with the addition
of the suspension, this data will shift depending on what size pores are filled. This is a softwarecalculated value which corresponds to the pore size at which 50% of the overall gas flow can be
accounted for. Therefore, we consider this to be effectively the mean pore size of the sample,
though the overall distribution may be skewed to one side or the other. With the current
instrument there is no accurate way to distinguish this difference. Figures 4.10 and 4.11 depict the
data.
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Figure 4. 10: Mean flow pore detected on carbon fiber fabric impregnated with various suspensions
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Figure 4. 11: Mean flow pore detected on fiberglass fabric impregnated with various suspensions

This data is in line with our expectations. In fact, if the pores of the fabric are being filled then the
overall average pore size should decrease. This is the case as seen above, so we can say that the
suspensions are filling the pores, and this indicates effective impregnation of the fabric. This may
then correspond to an increase in anti-ballistics performance. For the carbon fiber fabric, the
starting point is much smaller than that of fiberglass fabric, but the resulting points for the
samples have a larger average pore size. This means that fewer of the larger pores are being filled
and/or more of the smaller pores are being filled. For the fiberglass fabric, the starting point
produces a large mean pore size, but after impregnation the average size of the pores drops
dramatically. This would indicate that fewer small pores are filled or that a large percentage of
the large pores are filled. One thing to note is that the starting point of the fiberglass fabric may
actually be a hole in the weave of the fiber and not an actual pore. From this information it still
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cannot be said whether or not using carbon fiber fabric or fiberglass fabric produces a better
result, but this is still useful information.
Last piece to analyze is the largest pore detected. This is important, like the smallest pore,
because if the particles are filling the large pores, then the apparent largest pores will be smaller
when compared to the dry fabric. The results of this parameter are displayed in Figures 4.12 and
4.13.
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Figure 4. 12: Largest pore detected on carbon fiber fabric impregnated with various suspensions
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Figure 4. 13: Largest pore detected on fiberglass fabric impregnated with various suspensions

This information can be used to conclude several things. First, for the fiberglass fabric, the larger
pores are being filled and, compared to dry fiberglass fabric, the largest pore detected dropped
significantly for each sample, meaning that across the board fiberglass fabric experienced better
impregnation. For carbon fiber fabric we can conclude that larger pores were seemingly
unaffected by impregnation. For each piece of carbon fiber fabric, there should be a larger
variation in pore size, and if these pores are not filled with particles (as in the case of fiberglass
fabric) then the differences would remain the same regardless of impregnation. Taking into
account Figures 4.8 and 4.9, we can say that carbon fiber fabric has more smaller pores filled
because, even though the larger pores remained untouched, the mean pore size decreased. For
fiberglass fabric we can say that more of the large pores were filled because there were smaller
differences in the smallest pore detected, but large differences in the largest pore detected, and
through these differences the overall mean pore size also decreased.
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Ultimately, again, it is difficult to say which fiber and fluid combination would offer better
performance in ballistics tests. After ballistics testing, we may be able to gather more information
which can be used to further interpret the porosity data.

4.5 Pressure Testing
This very basic measurement technique utilizes a mechanical hand press to impart pressure of
varying PSI onto sample squares. Previous studies used pressure rollers to test this parameter2-4,
however, we used vacuum sealing to package the composites. In order to determine how this
pressure affects fiber impregnation, 2”x2” (26 cm2) dry samples of both fiberglass fabric and carbon
fiber fabric were weighed out, then painted with approximately 7 mL of suspension. Only one layer
of fabric was used. Once wet, it was placed on the bottom plate of the press on top of a large pore
mesh which would allow fluid to flow out the bottom of the sample. Each sample was then pressed
at pressures ranging from 500-20,000 PSI for 10 seconds. Once pressed, the sample was weighed
again to measure, in grams, how much fluid the fabric absorbed at that particular pressure.
Another question that needs to be addressed is how the level of vacuum pressure affected the
amount of fluid absorption. As previously described, a simple hand press with a range of applied
PSI was used to press a wet sample, and then the mass of the dry sample was compared to the
pressed sample. From this information we hoped to discover the equivalent vacuum packing
pressure which may result in the highest amount of absorbed fluid, and thus which sample might
perform the best under a ballistics load.
The data for the spherical silica particle-based suspensions is presented in Figure 4.14.
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Mechanical Press - Spherical Particle Suspensions
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Figure 4. 14: Amount of fluid uptake vs. pressure for spherical particle suspensions on carbon fiber
fabric

One of the most interesting things to note right from the start is the fact that the carbon fiber
fabric absorbed more of the 14% spherical particle suspension than any other. This also
corresponds to the surface tension calculations; 13% by weight spherical particles had the lowest
surface tension, so it would seem that this difference was enough to allow greater overall
impregnation of the fluid into the fabric. It is important to note that these tests were conducted
mainly on carbon fiber fabric; at this point in the research we were waiting on a new order of
fiberglass fabric and had very limited amounts of the fabric to test, so carbon fiber fabric was
utilized in the meantime. Later in this section is a graph which compares fluid absorption of the
carbon fiber fabric to fiberglass fabric.
Beyond the 14% spherical particle suspension being absorbed the most, we see that 16% and 18%
by weight were close. While they did not get absorbed as much of the suspension as the 14%
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sample, they were absorbed more than the 10% or 12%, which would suggest that they might also
exhibit better anti-ballistics behavior.
Next type of fluid to be analyzed were the hydrophobic particle suspensions. The data is
displayed in Figure 4.15.
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Figure 4. 15: Amount of fluid uptake vs. pressure for hydrophobic particle suspensions on carbon
fiber fabric

Immediately, it is clear that the hydrophobic particle suspensions were not absorbed as much as
the spherical silica suspensions did. This may be due to the behavior of the hydrophobic particle
suspensions on the fabric; the surface tension in Figure 3.14 shows that the hydrophobic particlebased suspensions exhibit the largest surface tension and thus will not penetrate the fabric as
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easily as the spherical particle suspensions. We predict that because the fluid does not absorb as
well into the fabric, any armor sample made with these suspensions would not perform as well as
their spherical counterparts.
Next, we looked at the absorption effects of porous silica. The results are displayed in Figure
4.16.
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Figure 4. 16: Amount of fluid uptake vs. pressure for porous suspensions on carbon fiber fabric

Again, we see a slight increase in absorption at 14% by weight, but compared to the spherical
counterpart it is not as pronounced. There is also a decrease in amount of fluid absorbed by the
18% by weight, which is not found in the spherical. Based on this data it would be assumed that
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the 14% by weight porous would perform similarly to its spherical counterpart, but would exhibit
less desirable behavior due to the fact that it absorbed less of the suspension.
Last, a comparison between carbon fiber fabric and fiberglass fabric was needed. Figure 4.17
shows this difference using spherical particle and porous particle suspensions.
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Figure 4. 17: Amount of fluid uptake vs. pressure for various suspensions on carbon fiber fabric and
fiberglass fabric

It is clear that the carbon fiber fabric, as a whole, absorbs more of the suspensions compared to
the fiberglass. This may be related to the contact angle of the suspensions on the fabrics. Based
on the data in Section 4.3, we observed that carbon fiber fabric exhibited a lower contact angle
for the majority of the suspensions regardless of particle type. This means that the suspensions
interact to a higher degree with the carbon fiber fabric and thus may lead to a higher suspension
uptake, as shown in Figure 4.17. Ultimately, it is assumed that the carbon fiber fabric samples
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will perform better under a ballistics load because they absorb more of the suspension when
compared to fiberglass fabric. Ballistics testing in the next section proves this hypothesis to be
true.

4.6 Tensile Testing
For all phases, an Ingstron II25 tensile tester was used to measure the tensile strength of
impregnated and neat fabrics. This piece of information was deemed necessary due to a lack of
extensive literature data on the tensile strength of impregnated fabrics except for one study4.
Considering the fact that armor samples experience not only shear stress, but also tensile stress
under a ballistics impact, it would be worthwhile to have information on this parameter when
designing armor composites. Two types of samples were tested. Non-vacuum treated samples had
a suspension painted on the fabric surface, which were not subjected to vacuum packing. Vacuum
treated samples were created the same way as the non-vacuum samples, but with an added step of
being treated with a Foodsaver vacuum packaging instrument. After the bag was vacuumed and
sealed, the package was then reopened and immediately tested on the Ingstron. For the impregnated
samples, the entire surface of the fabric was coated in the suspension before being loaded, then for
both neat and impregnated samples the Ingstron was run until the sample broke. Data was collected
and analyzed after these tests.
Figure 4.18 displays the Max load of the Ingstron before the samples broke. It is interesting to note
that for most of the spherical particle-based samples, the vacuum-treated samples broke at a lower
load when compared to the non-vacuumed samples. The one that differed was the 20% spherical
particle suspension. It is unclear whether or not this difference in behavior is an anomaly or due to
other factors. More research is needed to clarify this question.
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Figure 4. 18: Max load with variation in vacuum treated (V) and non-vacuum treated (NV) samples

The second type of data gathered from the Ingstron is the area under the stress-strain curve. The
larger the area under the curve, the more ductile the material6. If the material is more ductile, even
though it may have a lower max load, it may still absorb more energy through deformation before
fracture. In the case of armor samples, this might be an indication of better anti-ballistics
performance. The data for the area under the curve is presented in Figure 4.19. Figure 4.20 also
shows the extension vs. load for the 10% spherical particle suspensions on carbon fiber, both
vacuum sealed and not vacuum sealed.
There are two things of note in this data set. First, with the spherical particle samples, the nonvacuumed samples experienced a much greater area under the curve, which would indicate that
the vacuum treated samples may perform worse under ballistics loads. Second, the area under the
curve is larger for the vacuumed hydrophobic particle samples versus the non-vacuumed samples.
There are several explanations for this behavior. First is the fact that hydrophobic composites had
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better inter-fiber penetration7. This might lead to an increased ductile-type behavior during tensile
tests. Another is some sort of undescribed interaction for the hydrophobic particles with carbon
fiber fabric. The true test will be a ballistic load.
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Figure 4. 19: Area under the curve with variation in vacuumed (V) and non-vacuumed (NV) samples
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CFDry

Figure 4. 20: Tensile test load vs. extension for A) vacuum sealed 10% spherical particle suspension,
and B) non-vacuumed 10% spherical particle suspension on carbon fiber fabric

4.7 Conclusions
To summarize this section of the thesis:
•

The contact angle for all the suspensions on both types of fabric tended to increase with
increasing concentration, indicating that the fabric and the suspension interacted less as
the particle concentration increased.

•

Carbon fiber fabric exhibited higher contact angle on average when compared to
fiberglass fabric.

•

The suspensions filled more of the smaller pores than larger ones on the carbon fiber
fabric.

•

For fiberglass fabric more of the large pores were filled by the suspensions.

•

For the pressure testing, pressing the suspension-coated fabric increased suspension
uptake to a point, then the absorption drops due to fiber damage and pore destruction.

•

Carbon fiber fabric uptakes more suspension than fiberglass fabric.

•

Vacuum sealed fabrics coated with the suspensions performed worse under tensile
testing.
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5. Ballistics Testing
An entirely separate method of testing in real-world situations was ballistics testing. Previous
studies failed to provide accurate testing at true ballistic impacts, aka a real bullet fired from a
real weapon. There is inherently less accuracy when using real weapons (and not gas fired
weapons); however, if a product cannot handle this variation then it has no business in real-world
applications. Though the accuracy of these tests is lower than the ones conducted in a traditional
lab environment, the information gleaned is much more valuable as it paints a picture of true
behavior. This behavior would be observed if the product were to be used in its intended
application: as curtain armor and/or soft body armor.

5.1 Setup for Ballistics Testing
Several rounds of testing were conducted in conjunction with the United States Air Force
Academy’s (USAFA) Combat Arms Training and Maintenance (CATM) unit. A round of testing
in a more controlled indoor environment was also utilized at a separate Air Force installation.
The rounds used were consistent across the board. In Table 5.1, the round type, mass, and muzzle
velocity are listed.
Round Type

Projectile Mass (g)

Manufacturer’s Stated Muzzle
Velocity (m/s)

9mm

7.45

240

.40 Smith and Wesson

10.69

340

16

430

(S&W)
.44 Magnum (mag)

Table 5. 1: Projectile types, masses and muzzle velocities

91

5.2 Prototype Preparation
The same preparation method described in section 4.2 was used to build the armor samples for
ballistics testing. In addition to the previous materials, the first iteration of testing also utilized
alumina particles (Sasol Dispal 23N4-80), alumina needles (Sasol Dispal X0) and Disperal
needles (an experimental product from Sasol, now discontinued). We also used silicone oil
(Consolidated Chemical) to contrast a nonpolar, non-polymer suspension medium to the
polymeric PEG400. These materials were not used after the first phase due to the focus shifting to
the fabric-suspension combination which had the best anti-ballistics performance.

5.3 Tests with Ballistics Gel Backing
At the conception of these prototypes, the original intent was to use this product as body armor.
Therefore, it made sense to use a backing material with mechanical characteristics somewhat
similar to that of the human body. Ballistics gel from Clear Ballistics was ordered along with a
mold to reuse the material for several rounds of tests. The prototype sample was attached to the
front of the gel block using duct tape and placed on a folding table downrange. Using the
National Institute of Justice (NIJ) standards1, the strike face of the prototype was placed five
meters from the firing line at an angle of incident less than five degrees. For all conducted tests,
the angle was 1.164o. Below is the equation used to calculate the angle:

tan 𝜃 =

ℎ
𝑙

where θ is the angle of incident, h is the height of the table (see Figure 5.1) and l is the length
along the ground between the weapon muzzle and the strike face (5m). This is assuming that the
muzzle and the strike face are relatively the same height, so the person firing upon the samples
must be at the same height as the strike face on the table.
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Perpendicular to the strike face and at a safe distance, a Phantom high speed camera was placed
on a separate table at an equal height to the first. This camera captured the footage during and
following the ballistics impact so that the impact could be analyzed to improve the prototype
design. Figure 5.1 and 5.2 depict the above view and side view of the ballistics setup.

Figure 5. 1: Side view of the ballistics setup
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Figure 5. 2: Top View of the ballistics setup

On the opposite side of the firing line, an operator on a computer controlled the camera shutter so
that the footage could be recorded and saved while new samples were swapped out. Analysis was
done later to measure approximate depth penetration of the projectile. Using the gel backing, this
is crucial since a penetration depth larger than 44mm would cause mortal injury, according to the
NIJ1.
Each sample tested follows the same generic packaging schematic, shown in Figure 5.3.
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Figure 5. 3: Layering schematic for the armor composites

The strike face is on the top right of this schematic, with the bullet travelling down the center of
each piece of fabric until it is stopped or continues through the sample. In Table 5.2, the number
after the type of fabric indicates how many layers of each fabric were used in the sample. For
example, the first prototype used 8 layers of Kevlar (in yellow) and 6 layers of carbon fiber (in
grey) with 6 applications of suspension at 7mL each (in light blue). For all further phases of
testing this same schematic was used with the exception of the energy dissipation calculations,
which used only carbon fiber/fiberglass and the suspension. Those schematics are explained in
the appropriate section.
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Table 5.2 displays the sample type (type of suspension and material used) and size of bullet
successfully stopped in the first iteration of testing. Table 5.3 indicates in which layer of Kevlar
the projectile was contained in regards to the different bullet calibers.

Fiber Type

Particle Type

Solution

Largest Round
Contained

Kevlar (8)/Carbon
Fiber(6)

Silica particles

PEG 400

.44 Mag *

Kevlar(8)/Carbon Fiber(6)

Alumina
needles

PEG 400

.40 S&W *

Kevlar(10)/Carbon
Fiber(8)

Disperal needles

PEG 400

9mm *

Kevlar(8)/Carbon Fiber(6)

Alumina
particles

PEG 400

.40 S&W *

Kevlar(12)/Carbon
Fiber(9)

Silica particles

Silicone
Oil

9mm

Kevlar(12)/Carbon
Fiber(9)

Alumina
needles

Silicone
Oil

9mm

Kevlar(12)/Carbon
Fiber(9)

Disperal needles

Silicone
Oil

9mm

Kevlar(12)/Carbon
Fiber(9)

Alumina
particles

Silicone
Oil

9mm

An * indicates that the upper limit has not yet been reached (no higher caliber tested)
Table 5. 2: First round testing, sample constituents, and the highest caliber round contained
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Caliber

Layer Kevlar Stopped

9mm

4-5

.40 S&W

2-3

.44 Mag

1

Table 5. 3: Caliber of round and the layer of Kevlar it was contained

Table 5.2 provides the overarching results of many of the first prototypes and their performance.
Clearly, the silica suspensions with carbon fiber fabric in conjunction with Kevlar produced the
best result, which is why all of the lab testing focused on silica-based suspensions. There was no
need to look into the rest of the suspensions because they did not exhibit performance of the same
level.
Table 5.3 indicates which layer of the Kevlar backing the projectile was stopped in. This
information was extremely interesting, since the smaller, slower-moving projectile needed more
layers to stop the projectile compared to the projectile that was nearly double the weight and
travelled at nearly double the velocity. This is one of the main points which suggested that the
rheology of the suspensions played a large role in the anti-ballistics behavior; the larger projectile
having a higher velocity produces more shear stress, and the larger projectile resulted in samples
which performed better.

5.3 Tests with Clay Backing
Using the same experimental setup described above, a second round of testing was conducted
using clay as a backing material so that the penetration depth could be more accurately measured.
Flexibility tests in line with the Wagner and Wetzel paper2 were also conducted using 100g and
200g weights. Figure 5.4 depicting the change in penetration depth with concentration:
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Figure 5. 4: Impact crater depth for various composites

This data is difficult to analyze because of the way the samples were prepared. USAFA CATM is
located at over 7,000 feet above sea level. Clemson University is located at roughly 900 feet. This
produced a significant pressure difference within the samples to the point where the ballistics
behavior of the exact same samples used in the gel backing testing varied significantly. Even so,
we see a decrease in penetration depth from 10-15.6% SiO2 by weight and an increase at lower
and higher weight percentages. Also tested in this batch of samples were hydrophobic coated
silica particles and a 5% by weight addition of SiC whiskers. We saw that, from the one data
point gathered from the testing, the hydrophobic particle sample at 3% by weight performed
better than the best hydrophilic silica suspension. This lead to another round of laboratory testing
and ballistics testing to determine if this data was accurate or an experimental anomaly. Tests
from the SiC whisker addition showed decreased penetration depth, though verification was also
needed on this piece.
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Flexibility was another important parameter for the end user because of the lack of current
flexible armor on the market. Figures 5.5 through 5.7 show the flexibility test results for various
armor composites. These tests were conducted by placing the composite strike face up on a
horizontal surface with 5 inches of the 7 inches of the long side of the sample protruding off the
edge. The a small hole was made in the center of the sample’s protruding edge (not puncturing
the vacuum-sealed package) and a 100g or 200g weight was hung off the edge. A picture was
taken from the side and Photoshop CS5 was used to rotate the image to calculate the flex angle.
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Figure 5. 5: Flexibility tests for spherical silica composites
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Hydrophobic Silica Flex Tests
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Figure 5. 6: Flexibility tests for hydrophobic silica composites

5% SiC Addition Flex Test
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Figure 5. 7: Flexibility tests for the SiC addition composites

There was a surprising dip in flexibility of the silica particle samples at the same weight
percentage of the highest performing samples, namely 12%-15.6% by weight. This would suggest
that samples with decreased flexibility show better ballistics performance. The hydrophobic silica
samples showed a slight decrease in angle with increasing weight percentage, and the SiC
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addition samples showed negligible change with increasing weight percentage of particles.
However, due to the lack of reliable ballistics data it is difficult to say with any accuracy how the
flexibility angle correlated with performance.

5.5 Conclusions
To summarize this section:
•

The best anti-ballistics behavior was exhibited in the higher concentration, spherical
silica samples.

•

With increasing concentration, samples exhibited a decrease in flexibility.

•

When fired on with multiple calibers, the spherical samples were the only ones that could
contain up to a .44 mag round; the rest of the samples failed to contain this round or
failed at lower calibers.

•

Spherical silica composites appear to be the most suitable for anti-ballistics applications.
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6. Final Conclusions and Future Work
This section is devoted to summarizing the work done in this thesis and to outline future work on
this subject. The characterization of non-Newtonian fluid composites for anti-ballistics
applications concludes that:
1. Spherical silica particles with no surface modification provides the most suitable
suspension rheology for anti-ballistics composites.
2. Even though the rheological studies found that the suspensions exhibited shear thinning
behavior, the QCM-D analysis indicates that the suspensions do undergo shear thickening
behavior at higher shear rates. This behavior is predicted to enhance anti-ballistics
properties of composites.
3. Carbon fiber fabric produces more favorable interactions with all suspensions, leading to
an apparent increase in suspension uptake. This may correlate to increased anti-ballistics
performance.
4. Applying pressure increases the suspension uptake, and the vacuum sealing process is
necessary for the best anti-ballistics performance.
5. On average, carbon fiber fabric dissipated the most energy from a ballistic impact. This
can be directly correlated to better anti-ballistics performance.
For future work, the focus might turn towards finding lightweight alternatives to ceramic and/or
metal plating in order to protect against higher caliber rounds.
Other testing may include varying the suspending medium molecular weight and type, and adding
long-chain polymeric materials such as poly(acrylic acid). This might increase the viscoelastic
behavior of the suspensions which we predict will have an effect on anti-ballistics behavior.
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